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FOREWORD

The research effort described in this final report was performed by Northrop Space

Laboratories for the Propulsion and Vehicle Engineering Laboratory of George C.

Marshall Space Flight Center under Contract NAS8-20116. The report is composed of

two volumes. The first volume represents a summary of the results of the investigation.

Volume II presents a detailed description of the entire research effort. Mr. W. O.

Randolph and Mr. W. B. McAnelly of the Fluid Mechanics and Thermodynamics Branch,

Propulsion Division, served as the Contracting Officerrs Representatives for the

study.

In addition to those personnel appearing as co-authors of this report, several

other individuals made significant contributions. Dr. E. Azmon served as an advisor

on matters relating to the lunar surface and the characterization and preparation of

simulated lunar dust. Mr. C. L. Densmore was responsible for all design work per-

taining to the dust removal/prevention concepts and experimental models. Mr. E. W.

Bentilla provided suggestions, based on heat transfer considerations, relative to

the test apparatus and the design of the experiment.

ii



NORTHROP

Section

I

II

III

IV

V

VI

SPACE LABORATORIES

TABLE OF CONTENTS

TR-792-7-207B

7 June 1967

Title Page

FOREWORD. . .

LIST OF FIGURES

LIST OF TABLES.

LIST OF SYMBOLS

INTRODUCTION ..............

DUST DEGRADATION OF SURFACES ........

2.1 BACKGROUND ..............

2.2 SELECTION OF DUSTS AND SURFACE COATING ....

2.3 DUSTING PROCESS .......

2.4 MEASUREMENT OF ABSORPTANCE AND EMITTANCE ....

DUST REMOVAL/PREVENTION CONCEPT ....

3.1 BACKGROUND .............

3.2 MODEL TEST MATERIALS ...........

3.3 CONCEPTUAL DESIGN AND ANALYSIS ........

3.4 WORKING MODEL DESIGN ...........

3.5 PERFORMANCE TESTING ...........

3.6 ANALYSIS OF TEST DATA ...........

CONCLUSIONS AND RECOMMENDATIONS .........

REFERENCES ...............

BIBLIOGRAPHY ...............

APPENDIX A

APPENDIX C

EXPERIMENTAL DATA ASSOCIATED WITH MEASURE-

MENT OF SURFACE SPECTRAL ABSORPTANCE OF

DUST-CONTAMINATED THERMAL CONTROL COATINGS

• . ii

APPENDIX D

• iv

• vii

• viii

• i-I

• 2-1

• 2-1

• 2-7

2-9

• 2-12

3-1

• 3-1

• 3-4

• 3-4

• 3-17

• 3-25

• 3-50

• 4-1

• 5-1

• 6-1

• A-I

APPENDIX B NORTHROP SPACE LABORATORIES PRESENTATION

LUNAR DUST REMOVAL/PREVENTION CONCEPT .... B-I

ORIGINAL TEST DATA FOR DUST REMOVAL/PREVENTION

DEVICES ............ C-I

INDEX OF ENGINEERING DRAWINGS ...... D-I

iii



Ni)itlTHROP SPACE LABORATORIES TR-792-7-207B

Fisure No.

2-1

2-2

2-3

2-4

2-5

2-8

2-9

2-10

2-11

2-12

3-1

3-2

3-3

3-4

3-5

3-6

3-7

7 June 1967

LIST OF FIGURES

Title

THE GIER-DUNKLE INTEGRATING SPHERE REFLECTOMETER • • •

MICROPHOTOGRAPHS OF BASALT DUST ON S-13 COATING .....

EFFECT OF DUST ON SPECTRAL ABSORPTANCE IN SOLAR SPECTRUM OF

S-13 .............

VARIATION OF TOTAL SOLAR ABSORPTANCE WITH DUST COVERAGE OF

S-13 PLATE ................

VARIATION OF TOTAL SOLAR ABSORPTANCE WITH ANGLE OF INCIDENCE

FOR S-13 PLATE WITH AND WITHOUT DUST ........

EFFECT OF DUST ON SPECTRAL ABSORPTANCE OF ALUMINIZED TEFLON•

VARIATION OF TOTAL SOLAR ABSORPTANCE WITH DUST COVERAGE OF

ALUMINIZED TEFLON PLATE ..........

VARIATION OF TOTAL SOLAR ABSORPTANCE WITH ANGLE OF INCIDENCE

FOR ALUMINIZED TEFLON PLATE ...........

SPECTRAL ABSORPTANCE IN SOLAR SPECTRUM FOR CLEAR SILICONE

PERKIN-ELMER 13 U SPECTROPHOTOMETER .......

SPECTRAL EMITTANCE IN THE INFRARED SPECTRUM FOR S-13 WITH AND

WITHOUT BASALT DUST ..............

SPECTRAL EMITTANCE IN THE INFRARED SPECTRUM FOR ALUMINIZED

TEFLON WITH AND WITHOUT DUST. ........

FLAT RADIATOR PANEL CONFIGURATIONS ........

NON-FLAT RADIATOR PANEL CONFIGURATIONS ......

PRELIMINARY BRUSH CONCEPT ............

PRELIMINARY ELECTROSTATIC CURTAIN CONCEPT .......

PRELIMINARY ELECTROSTATIC SURFACE CONCEPT ......

PRELIMINARY JET AND SHIELD CONCEPT .......

PRELIMINARY JET AND SURFACE CONCEPT .........

• 2-14

• 2-15

• 2-18

• 2-20

• 2-24

• 2-25

• 2-26

• 2-29

• 2-31

• 2-32

• 2-33

• 2-35

• 3-2

• 3-3

• 3-8

• 3-9

• 3-10

• 3-11

• 3-12

iv



I_ORTHROP

Figure No.

3-8

3-9

3-10

3-11

3-12

3-13

3-14

3-15

3-16

3-17

3-18

3-19

3-20

3-21

3-22

3-23

3-24a

3-24b

3-25a

3-25b

SPACE LABORATORIES

LIST OF FIGURES (Continued)

TR-792-7-207B

7 June 1967

Title Page

PRELIMINARY SPINNING SHIELD CONCEPT ............. 3-13

PRELIMINARY VIBRATING SHIELD CONCEPT ............. 3-14

PRELIMINARY VIBRATING SURFACE CONCEPT ............ 3-15

FINAL DESIGN FOR VIBRATING SURFACE DEVICE WITH V-47 VIBRATOR. 3-18

FINAL DESIGN FOR JET AND SHIELD DEVICE ............ 3-20

NOZZLES FOR JET AND SHIELD DEVICE .............. 3-21

FINAL DESIGN FOR MECHANICAL BRUSH AND SHIELD DEVICE ..... 3-23

ELECTROSTATIC CURTAIN INSERT ................. 3-24

NORTHROP 3.65 x 2.13 METER SPACE CHAMBER .......... 3-26

CARBON ARC SOLAR SIMULATOR USED WITH SPACE SIMULATION CHAMBER 3-27

SOLAR SIMULATOR AND SPACE CHAMBER TEST ARRANGEMENT ...... 3-28

TEST PLATE ARRANGEMENT .................... 3-30

CALIBRATION TEST RUN FOR S-13 PLATE WITH 40% DUST COVERAGE. • 3-32

FINAL DESIGN FOR JET AND PLATE DEVICE ............ 3-34

TEST ARRANGEMENT FOR DETERMINATION OF OPTIMUM NOZZLE
POSITION WITH INHIBISOL ................... 3-38

FINAL DESIGN OF MECHANICAL BRUSH AND PLATE DEVICE ...... 3-48

TEMPERATURE VARIATION WITH HEAT LOAD (SOLAR SIMULATOR OFF)

FOR CALIBRATION TEST RUN ................... 3-52

TEMPERATURE VARIATION WITH HEAT LOAD (SOLAR SIMULATOR ON)

FOR CALIBRATION TEST RUN ................... 3-53

TEMPERATURE VARIATION WITH HEAT LOAD (SOLAR SIMULATOR OFF)

FOR JET AND PLATE TEST RUN (FROZEN INHIBISOL) ........ 3-54

TEMPERATURE VARIATION WITH HEAT LOAD (SOLAR SIMULATOR ON) FOR

JET AND PLATE TEST RUN (FROZEN INHIBISOL) .......... 3-55

v



I ORTHROP

Figure No.

3-26a

3-26b

3-27a

3-27b

3-28a

3-28h

3-29a

3-29b

3-30a

3-30b

3-31

3-32

3-33

3-34

3-35

3-36

SPACE LABORATORIES '
TR-792-7-207B

7 June 1967

LIST OF FIGURES (Concluded)

Tit le

TEMPERATURE VARIATION WITH HEAT LOAD (SOLAR SIMULATOR OFF)

Page

FOR JET AND PLATE TEST RUN (LIQUID INHIBISOL) ........ 3-56

TEMPERATURE VARIATION WITH HEAT LOAD (SOLAR SIMULATOR ON) FOR

JET AND PLATE TEST RUN (LIQUID INHIBISOL) .......... 3-57

TEMPERATURE VARIATION WITH HEAT LOAD (SOLAR SIMULATOR OFF)

FOR JET AND GLASS SIIIELD TEST RUN (LIQUID INHIBISOL) ..... 3-58

TEMPERATURE VARIATION WITII HEAT LOAD (SOLAR SIMULATOR ON) FOR

JET AND GLASS SHIELD TEST RUN (LIQUID INHIBISOL) ....... 3-59

TEMPERATURE VARIATION WITH HEAT LOAD (SOLAR SIMULATOR OFF)

JET AND ARSENIC-TRISULFIDE SHIELD TEST RUN (LIQUID INHIBISOL) 3-60

TEMPERATURE VARIATION WITII HEAT LOAD (SOLAR SIMULATOR ON)

JET AND ARSENIC'-TRISULFIDE SHIELD TEST RUN (LIQUID INHIBISOL) 3-61

TEMPERATURE VARIATION WITH HEAT LOAD (SOLAR SIMULATOR OFF)

FOR VIBRATING SURFACE TEST RUN ................ 3-62

TEMPERATURE VARIATION WITH HEAT LOAD (SOLAR SIMULATOR ON) FOR

VIBRATING SURFACE TEST RUN .................. 3-63

TEMPERATURE VARIATION WITH HEAT LOAD (SOLAR SIMULATOR OFF)

FOR MECHANICAL BRUSH TEST RUN ................ 3-64

TEMPERATURE VARIATION WITH HEAT LOAD (SOLAR SIMULATOR ON)

FOR _CHANICAL BRUSH TEST RUN ................ 3-65

THERMAL NETWORK ....................... 3-69

CORRELATION OF DIMENSIONLESS PLATE TEMPERATURE ep FOR
CALIBRATION TEST RUN (SOLAR SIMULATOR ON) ........ 3-75

CORRELATION OF DIMENSIONLESS PLATE TEMPERATURE e FOR

JET AND PLATE TEST RUN (SOLAR SI_fULATOR ON) • • P. • • • • . • 3-76

CORRELATION OF DIMENSIONLESS PLATE TEMPERATURE e_ FOR JET

AND ARSENIC-TRISULFIDE SHIELD TEST RUN (SOLAR SIMULATOR ON) • 3L77

CORRELATION OF DIMENSIONLESS PLATE TEMPERATURE ep FOR
VIBRATING SURFACE TEST RUN (SOLAR SIMULATOR ON) ....... 3--78

CORRELATION OF DIMENSIONLESS PLATE TEMPERATURE e p FOR
MECHANICAL BRUSH TEST RUN (SOLAR SIMULATOR ON) ........ 3--79

vi



NORTHROP SPACE LABORATORIES
TR-792-7-207B

7 June 1967

LIST OF TABLES

Table No. Titl__.___e Page

2-1

2-2

2-3

2-4

2-5

2-6

2-7

2-8

2-9

3-1

3-2

3-3

3-4a

3-4b

3-5

3-6

3-7

3-8

3-9

3-10

DUST CHARACTERISTICS-SUMMARY OF LITERATURE

SURVEY .............. 2-2

THERMAL CONTROL PAINT COATINGS ........ 2-5

SECOND-SURFACE MIRRORS COATINGS ...... 2-6

VARIATION OF SOLAR ABSORPTANCE WITH DUST COVERAGE

ON S-13 SAMPLES (8-MIL COATING ON ALUMINUM) . . . 2-19

TOTAL SOLAR ABSORPTANCE OF S-13 AT 20 ° AND 75 °

ANGLE OF INCIDENCE ........... 2-23

VARIATION OF SOLAR ABSORPTANCE WITH DUST COVERAGE

ON ALUMINIZED TEFLON .......... 2-27

TOTAL SOLAR ABSORPTANCE OF ALUMINIZED TEFLON AT 20 °

AND 75 ° ANGLE OF INCIDENCE ........ 2-28

VARIATION OF TOTAL SOLAR ABSORPTANCE WITH DUST

COVERAGE ON CLEAR SILICONE SAMPLES ...... 2-30

EMITTANCE OF THERMAL CONTROL COATINGS ..... 2-30

SUMMARY OF SPACE RADIATOR OPERATING CHARACTERISTICS. 3-5

DATA FOR CALIBRATION TEST RUN ........ 3-33

OPTIMUM NOZZLE POSITION TEST RESULTS ...... 3-39

DATA FOR JET CONCEPT TEST RUN WITHOUT SHIELD . . • 3-40

DATA FOR JET CONCEPT TEST RUN WITHOUT SHIELD • . • 3-41

DATA FOR JET CONCEPT TEST RUN WITH GLASS SHIELD • • 3-43

DATA FOR JET CONCEPT TEST RUN WITH ARSENIC

TRISULFIDE SHIELD ........... 3-44

DATA FOR VIBRATING PLATE TEST RUN ..... 3-47

DATA FOR MECHANICAL BRUSH CONCEPT ..... 3-49

PLATE TEMPERATURE AFTER CLEANING BY DUST REMOVAL

DEVICES .............. 3-66

RADIATIVE PROPERTIES OF DUST, PLATE, AND SHIELD • • 3-80

vii



"NORTHROP sp, cE LABORATORIES
TR-792-207B

,7 June 1967

LIST OF SYMBOLS

ENGLISH

Symbol

A
g

A
P

E
P

E
s

Eg(r)

Eg(s)

E
p(r)

Ep(s)

_s(r>

Es<s)

Ew(r)

Ew(s)

F
gP

F
gs

F
gw

F
Pg

Definition

area of shield

area of plate

emlssive power of plate

emissive power of solar simulator

emissive power of shield over 2u - _ range

emissive power of shield over 0-2_ range

emissive power of plate over 2U - _range

emissive power of plate over 0-2U range

emissive power of solar simulator over 2U - _

range

emissive power of solar simulator over 0-2B

range

emissive power of chamber walls over 2u_- _ range

emissive power of "chamber walls over 0 - 2B range

shape factor for radiation from shield to plate

shape factor for radiation from shield to solar

simulator

shape factor for radiation from shield to walls

shape factor for radiation from plate to shield

Units

sq cm

sq cm

watts/sq cm

watts/sq cm

watts/sq cm

watts/sq cm

watts/sq cm

watts/sq cm

watts/sq cm

watts/sq cm

watts/sq cm

watts/sq cm

viii



" NORTHROP SPACELABORATORIES TR-792-7.207B
7 aune 1§67

LIST OF SYMBOLS (Continued)

ENGLISH

Symbol Definition Units

F
ps

F
pw

G
s

Jp(r)

Jp(s)

Jgl(r)

Jgl(s)

T
P

qp

tl

qp

X

shape factor for radiation from plate to solar

simulator

shape factor for radiation from plate to walls

solar constant

radiosity of plate over 2u - _ range

radiosity of plate over 0 - 2_ range

radiosity of shield surface no. I over 2_ - _

range

radiosity of shield surface no. I over 0-2_

range

plate temperature

plate power

plate power per unit area

fraction of total plate or shield surface that

has dust cover

watts/sq

watts/sq

watts/sq

watts/sq

watts/sq

°K

watt s

watts/sq

cm

cm

cm

CN

cm

cm

oL

d(r)

d(s)

_g(r)

GREEK

absorptance of dust over 2U - ® range

absorptance of dust over 0 - 2_ range

absorptance of shield over 2u - _ range

ix



NORTHROP SPACE LADOItATOItlES TR-792-7-207B

7 June 1967

LIST OF SYMBOLS (Continued)

GREEK

Symbol

g(s)

gl(r)

gl(s)

g2(r)

Ug2(s)

_s

E

gl(r)

g

gl(s)

g

g2(l]

g

g2(s)

e

p(r)

p(s)

r

e
p

0d(r)

0d(s)

Pg(r)

 g(s)

0gl(r)

Definition Units

absorptance of shield over 0-2_ range

absorptance of shield surface no. I over 2B - = range -

absorptance of shield surface no. I over 0-2P range -

absorptance of shield surface no. 2 over 2_ - _ range

absorptance of shield surface no. 2 over 0-2_ range

solar absorptance of thermal control surface

emittance of shield surface no. i over 2_ - = range

emittance of shield surface no. i over 0-2_ range

emittance of shield surface no. 2 over 2_ - _ range

emittance of shield surface no. 2 over 0-2P range

emittance of plate over 2_ - = range

emittance of plate over 0-2_ range

infrared emittance of thermal control surface

dimensionless plate temperature = T (O/Gs)_
P

reflectance of dust over 2P - _ range

reflectance of dust over 0-2P range

reflectance of shield over 2P - _ range

reflectance of shield over 0-2P range

reflectance of shield surface no. i over 2B -

range

x



"NORTHROP SPACELABORATORIES TR-792-7-207B

7 June 1967

LIST OF SYMBOLS (Concluded)

Symbol

P
gl(s)

Pg2(r)

Pg2(s)

Pp(r)

Pp(s)

Tg(r)

T
g(s)

gl(r)

T gl(s)

T g2(r)

T g2(s)

GREEK

Definition

reflectance of shield surface no. 1 over 0-2_ range

reflectance of shield surface no. 2 over 2_ - = range

reflectance of shield surface no. 2 over 0-2_ range

reflectance of plate over 2_ - = range

reflectance of plate over 0 - 2_ range

Stefan-Boltzman constant

transmittance of shield over 2_ - = range

transmittance of shield over 0-2_ range

transmittance of shield surface no. 1 over 2_-= range

transmittance of shield surface no. i over 0-2_ range

transmittance of shield surface no. 2 over 21.1-= range

transmittance of shield surface no. 2 over 0-2_ range

Units

watts/sq cm °K

SUBSCRIPTS

d

g

P

s

w

(r)

(s)

1

2

dust

shield

plate

solar simulator

wall

refers to range of spectrum from 2_ to =

refers to range of spectrum from 0 to 2_

refers to side of shield facing solar simulator

refers to side of shield facing plate

xi



NORTHROP SPACELABORATORIES" TR-792-7-207B

7 June 1967

SECTION I

INTRODUCTION

A significant problem associated with spacecraft designed for lunar exploration

is the dissipation of excess heat generated by the primary power supply, the elec-

tronics, and the environmental control system. Finned-tube thermal radiators and

similar radiator surfaces represent the most widely accepted means of rejecting or

dissipating such heat. Radiator surfaces of this type generally have a thermal

control coating with a high value of infrared emittance (~0.8) coupled with a low

value of solar absorptance (~0.2). Changes or degradation of the surface properties

of these coatings may increase the value of both infrared emittance and solar

absorptance. Such effects can in turn upset the balance of the heat rejection

system and jeopardize the entire mission of the spacecraft.

One possible source of degradation of thermal control coatings located near

the lunar surface is dust or small particulate debris which may settle on radiator

panel surfaces. There has been considerable conjecture concerning the existence of

a layer of dust on the lunar surface. The actual presence or absence of such dust

on the lunar surface has not been established. However, the most recent results

from Surveyor I and III (refs. i and 2) indicate a porous, soil-like surface in the

vicinity of those spacecraft. Such surface characteristics are certainly compatible

with the concept of dust. Furthermore, the manner in which the lunar surface

temperature has been observed to vary with time is characteristic of a surface

covered by a poor thermal conductor such as dust or powder. If dust is present,

whether in a layer one-centimeter deep or 10-meters deep, the possibility of con-

tamination of radiator surfaces will still exist. Thus, until positive evidence

I-i
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establishes the presence or completely eliminates the possibility of dust, the

designer or lunar systems must give consideration to possible dust contamination of

radiator surfaces.

Any dust which might settle on a radiator surface will have been displaced

from its original location on the lunar surface by some disturbance. This distur-

bance may be (I) the exhaust from a rocket vehicle such as the Lunar Excursion

Module (LEM) or the Manned Flying System (MFS){ (2) the wheels or treads of a

surface vehicle such as the Mobile Lunar Laboratory (MOLAB) or the local Scientific

Survey Module (LSSM); (3) the movements of astronauts in their walking on the lunar

surface; or (4) the impact of micrometeorites, each of which may produce ~103

secondary ejecta from the lunar surface.

Northrop Space Laboratories, Huntsville, Alabama, and Northrop Systems

Laboratories, Hawthorne, California, under Contract NAS8-20116 with the Propulsion &

Vehicle Engineering Laboratory of Marshall Space Flight Center, have been engaged in

a research effort concerned with determining the effect of dust on radiator surfaces

and developing methods for preventing or removing accumulations of dust from such

surfaces. Section II of this volume provides a detailed discussion of the investi-

gation relating to the degradation of a radiator surface due to dust. Section III

describes that portion of the research effort devoted to the development of techniques

for preventing or removing dust from a radiator surface in a simulated lunar environ-

ment. Conclusions and recommendations based on the results of the investigation are

presented in Section IV, with all references cited in Section V. A number of

appendixes are also provided which contain the original experimental data.

1-2



NORTHROP SPACE LABORATORIES TR-792-7-207B

7 June 1967

SECTION II

DUST DEGRADATION OF SURFACES

The first portion of the research effort was directed toward establishing the

effects of dust on the thermal properties of representative radiator surfaces. The

major objective of this work was to establish the manner in which the spectral and

total solar absorptance and infrared emittance varied with the amount of dust contami-

nation. Also, the variation of solar absorptance with angle of incidence was of interest°

2.1 BACKGROUND

A literature survey was conducted to obtain information relative to the effects

of dust on radiator surfaces. Aside from data obtained by Northrop during preliminary

studies, very little material on this subject was located. The scope of this litera-

ture survey is indicated by listings contained in the Bibliography as well as in the

References Cited.

Before attempting to establish experimentally the effects of dust on a radiator

surface, a thorough understanding of the types of dust which are considered likely

to occur on the lunar surface must be acquired. Also an awareness of the current

trends in thermal control coatings for space l_nar vehicles is necessary.

2.1.1 Lunar Surface Characteristics

A number of previous studies have been carried out concerning the

characteristics of the lunar surface (refs. 3 through 12). These studies generally

fall into one of two types: One type includes theoretical determination of the

nature of the lunar dust, and the second includes laboratory experiments on specific

dusts under assumed lunar conditions. Table 2-1 summarizes nine recent studies

showing the reference, instrumentation (when applicable), rock identification

(composition and texture), degree of vacuum considered or obtained, and type of

experiment conducted (if any).

2-I
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Based on these preceding studies, certain conclusions can be drawn regarding

both the composition and texture of possible lunar dust material. Most of the charac-

teristics described in previous studies would be covered if one acidic rock and one

basic rock of terrestrial origin and their extraterrestrial equivalents were selected

for investigation. Typical examples of terrestrial rock are granite (acidic) and

basalt (basic). Typical examples of extraterrestrial rock are tektite (acidic) and

chrondite (basic). Estimates of texture cover a broad range with lower limits

ranging from 5 to 50 microns and upper limits from 300 to 500 microns.

In the case of dust generated from basalt, grain size range and distribution _

appear to have compositional significance as well as mechanical significance. For

example, typical basalt is composed of, I) iron-magnesium silicates such as olivines

and pryoxenes and amphiboles, and 2) sodium-calcium-aluminum silicates such as albite

and anorthite. The minerals in the first group are more or less ferromagnetic, have

higher specific gravity than the second group, and are commonly more abundant in the

finer grain size fractions of a dust. The minerals in the second group are nonmag-

netic, have lower specific gravity, and are commonly more abundant in the coarser

grain size fractions of a dust. Sorting the mixed dust into grain sizes obviously

increases the concentration of the iron-magnesium silicates in the finer fractions.

On the lunar surface, in the absence of a lunar magnetic field, it is conceivable that

such ferromagnetic dust particles will be attracted in the direction of any artificial

body that has its own magnetic or electromagnetic field.

2.1.2 Thermal Control Coatings Characteristics

A number of thermal control coatings are currently under consideration for use

on lunar vehicles. All of these coatings possess high values of infrared emittance

(c r) and low values of solar absorptance (=s). In general, these coatings may be

2-3
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classified as either pigmented compositions (paint) or second-surface mirrors.

Table 2-2 presents a summary of current pigmented coatings while Table 2-3 provides

similar data for two promising second-surface mirrors.

The selection of a thermal control coating to be applied to radiator panels in

order to evaluate lunar dust removal/prevention concepts is governed by the require:-

ments for specified optical, thermal, and mechanical properties and the stability or

minimal changes of these properties under the imposed environmental and operational

conditions. In addition to ultraviolet stability, coatings should exhibit minimal

erosion due to lunar dust impingement, micrometeoroid and secondary ejecta bombardment,

or sputtering and pit formation as a result of low-energy proton impingement.

With the dust removal/prevention problem taken into account, an ideal surface

coating should exhibit the following characteristics:

Optical and Thermal Characteristics

i. Low _s/Cr ratio of the order of 0.22 with an a s of the order of 0.20 or less.

2. Spectrally selective for heat rejection from the radiator surface at a

specified operating temperature.

3. Stable for lunar operation periods extending for 6 months, resulting in an

approximate ESH (equivalent sun hours) or exposure of 2000 hours.

4. Minimum degradation of surface due to the thermal-solar (ultra-violet)

irradiation conditions, and a known or predictable value of As s and of A_ r

due to this effect.

5. Maximum thermal conductivity for heat transmission to the emitting surface.

Physical and Mechanical Properties (Surface and Bulk)

i. Smoothness or low surface roughness to minimize dust entrapment and possible

erosion and to provide minimum actual surface area.
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2. Absence of porosity to provide a cleanable and low dust-collecting surface.

3. High wear or abrasion resistance. For plastics this can be expressed in

terms of two parameters: indentation hardness, and extensibility (or

toughness). For elastic-isotropic materials hardness bears a relation to

Youngls modulus. Extensibility reflects both elongation and ultimate

tensile strength. The change in hardness and/or toughness characteristics

at the generating temperature, especially for coatings with a rubbery

polysiloxane matrix, must not impair the function of the dust removal/

prevention technique. Scratch resistance is desirable to reduce the

appearance of angularity effects which may increase the value of as, and

to avoid lattice distortion with consequent mechanical yellowing in pigments

such as zinc oxide.

4. Low frictional resistance or low adhesion for dust particles due to

specific polymer_ structure. (e.g., The static coefficient of friction for

Teflon in air is 0.04 whereas soft rubbers have a value up to 4 or more).

5. High flexibility, as determined by mandrel bend tests.

6. Good thermal cycling and shock resistance to withstand temperature cycling

tests from III°K to the specified operating temperature.

7. High tensile strength and elongation.

8. Good adhesion of coating or film to substrate, measured by pull or tensile

shear test.

2.2 SELECTION OF DUSTS AND SURFACE COATING

The experimental investigation was not designed to cover all possible

dust materials and thermal control coatings. The necessity thus arose for selection

of representative dust materials and thermal coatings. In this selection process
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These included availability of material, state-

of-the-art for fabrication, consistency or reproducibility of characteristics, and

compatibility with experimental procedures and objectives.

2.2.1 Dust Material

Because it was expected that dust of either terrestrial or extraterrestrial

origin would degrade the radiator performance in a similar manner, only terrestrial

dusts were seriously considered for the experimental program. The solar reflectance

of basalt is lower than that of granite. Therefore the effect of the basalt dust was

regarded as equivalent to that of the "worst" expected contamination by lunar dust.

The solar reflectance of basalt (0.12) is also close to the average lunar albedo

(0.i0, ref. 13). For these reasons basalt was selected for the dust material.

Because of the disparity in available estimates of lunar-dust-particle size

and distribution, the decision was made not to attempt to simulate such size and

distribution. Instead a well-characterized powder was to be selected from a narrow

cut of a specific particle size obtained via conventional sieves and from the finer

ill-sorted fraction which passes the smallest available screen size (37 microns).

2.2.2 Thermal Control Coating

Out of the coatings listed in Tables 2-2 and 2-3, four coatings, which were

considered representative of the current state-of-the-art, were selected for final

evaluation. These four, all of which appeared to be ultraviolet-stable coatings, were

S-13, Z-93, aluminized FEP Teflon (type A), and clear silicone (Dow Coming 93-022)

cured on a polished aluminum surface. The porous nature of Z-93, combined with

certain difficulties associated with its application, resulted in the elimination of

Z-93.
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Difficulty was encountered in achieving good adhesion to aluminum by the clear

silicone (Dow Corning 93-002). This difficulty, coupled with the fact that its solar

absorptance is considerably higher than that of the other three coatings, resulted in

eliminating this type of second-surface mirror.

Some difficulty was encountered in attaching the aluminized Teflon to the

aluminum plate of the radiator. The commercially available aluminized Teflon was

easily damaged in handling and the resulting scratches degraded its optical properties.

In addition a wide spread of solar absorptance values was obtained from coated samples.

For these reasons, aluminized Teflon was not selected as the primary thermal control

coating.

The remaining coating, S-13, appeared to have reproducible properties and could

be applied to aluminum panels without significant difficulty. These considerations,

coupled with the fact that S-13 is nonporous and relatively durable, resulted in the

selection of this coating as the primary thermal control coating to be tested.

It should be noted that while aluminized Teflon was not selected as the primary

thermal control coating, it demonstrated a minimum tendency to collect dust. The S-13

coating) however, exhibited an unfortunate affinity for dust, which was obviously

undesirable. For this reason, and also to provide some basis for a comparison, the

decision was reached to carry out a secondary degradation investigation using aluminized

Teflon as the thermal control coating. In subsequent portions of this report a limited

amount of data is provided describing the effects of dust contamination of aluminized

Teflon as well as S-13. A small amount of data relating to contamination of the clear

silicone also is included.

2.3 DUSTING PROCESS

Crushed basalt was obtained by means of a grinding operation involving grinding

the material against itself in a special rubber-lined mill to minimize any contamination

from foreign media. The basalt powder was then sieved by means of a sieve-shaker
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apparatus through a series of screens to obtain fraction in specific particle-size

ranges. The fractions thus obtained were:

larger than 500_,

500_ to 250_,

250_ to 125_,

125_ to I03_,

I05_ to 74_,

74_ to 62_,

62_ to 53_,

53_ to 44_,

44_ to 37_,

and smaller than 37_.

The largest fraction of dust produced by the grinding method was found to be in the

44_ to 53_ size range.

Notice should be taken that complete separation into the fractions listed

could not be achieved. The primary reason for this lack of complete separation

appeared to be the agglomeration of smaller particle with diameters _i0_ promoted by

rapid moisture absorption. Fortunately, early in the experimental work, the percentage

of surface covered by dust proved to be the primary factor in the degradation of the

surface properties. Neither particle-size distribution nor the total weight of the

dust proved to be significant parameters. For this reason, it became unnecessary to

control particle-size distribution as an experimental parameter in the measurement of

solar absorptance.

Two settling techniques (liquid and dry) were considered as a means of dust

application. Liquid settling techniques usually resulted in more uniform particle

distribution in the settled layer than that obtained by dry settling. In preliminary

work it became evident that due to perfect dispersion of fines (particle size _ 2_)

present in all lower particle-size cuts, the dust coverage of the sample becomes

difficult to determine (particle size is smaller than the resolving limit of the
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microscope) and that the even coverage of "colloidal" particles had a stronger effect

on reflectivity than "normal" particles. It was also observed, when water was used

as the settling medium, that a small part of the dust was soluble in water and a

residue remaining after evaporation evenly covered the surface of the sample and

contributed to the above described effect of "colloidal" particles.

Dry "dusting," on the other hand, could be conducted in such a way that

discrete or agglomerate particles "stuck" to the surface of the coating, which

permitted distinguishing, under the microscope, between the surface of the coating

and that of dust particles. Thus a meaningful characterization of the dusted coating

was possible and a dependence of reflectivity on the proportion of the surface covered

by dust could be obtained. For these reasons dry dusting was selected as the means

of applying the basalt dust to the S-13 coating.

In the initial dusting attempts basalt powder with particles between i0_ and

i00_ was used. In the first test a sample of S-13 silicone coating was dusted with

basalt powder through the 74_ screen sieve. The settled dust layer was observed under

the microscope. It consisted of particles from 12_ to 74_ with some agglomerates of

small particles also present. Two determinations of the area covered by dust were

done by two different counting techniques using a calibrated grid of 20 by 20 squares.

Two areas, approximately 2.5 ram by 2.5 mm, were selected at random near the center of

the sample. One method, based on establishing the part of each square occupied by dust

particles and taking the average of all 400 squares, yielded a percent coverage of

23 percent. The other method, based on determining the average particle size and

estimating the equivalent number of such "average particles", gave 26-percent coverage.

In all subsequent tests the former method was used whenever dust coverage was measured.
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In the measurement of solar absorptance, due to the design of the equipment,

the dusted sample must be mounted in a vertical position. It was important that no

dust be removed from the sample surface during handling after characterization and

particularly during the actual measurement process. For this reason it was necessary

to artificially increase the adhesion between dust particles and the S-13 coating

prior to measurement of solar absorptance. This need for adhesion was especially

noticeable in the case of the larger particles (above i00_) which showed the greatest

tendency to fall or roll off the dusted sample. Various solvents (acetone, isopropyl

alcohol, toluene, and dimelhylformamide) were applied to the cured S-13 to promote

better adhesion with basalt powder. No tackiness of the S-13 surface was detected

after treatment with these solvents, but some improvement in adhesion was observed

after the application of dimethylformamide. It was further established that the

latter solvent did not affect the radiative properties of the coating. Accordingly,

dimethylformamide was used in all tests involving measurement of the solar absorptance.

While no precise dust removal experiments were conducted as part of the dusting

process, a number of general observations were made. It was observed that larger

size particles (over 50_) were easily removed by a slight tap of the sample in the

vertical position or by a low-velocity gas jet. It was concluded, on the basis of

experimental measurements, that the residual dust contamination, after tapping or

blow-off with a gas jet, depended only on the initial amount of fines (particles with

diameters below 2_). For the basalt dust used, the amount of surface covered by fines

was generally below I0 percent.

2.4 MEASUREMENT OF ABSORPT_CE AND EMITTANCE

As previously noted in subsection 2.3, the primary parameter affecting solar

absorptance of S-13 was found to be the percentage of surface covered by dust. As a

2-12



NORTHROP SPACE LABORATORIES
TR-792-7-207B

7 June 1967

result, dust coverage was the principal experimental parameter which was varied during

the measurement of spectral absorptance over the solar spectrum. In addition the

effect of angle of incidence was also investigated for the case of solar absorptance.

For the case of infrared emittance, the only experimental parameter considered was

dust coverage. Because the value of the infrared emittance of the dust (_0.88) was

only slightly higher than that of the S-13 (_0.83), there did not appear much likeli-

hood of drastic changes in the infrared emittance of the S-13 due to dust contamination.

2.4.1 Solar Absorptance Measurements

Spectral absorptance of a number of samples was measured with a Gier-Dunkle

integrating sphere, shown in Figure 2-1, in the spectral range from 0.34_ to 2.45_

(which covers 91 percent of the solar energy). Although S-13 was the primary test

coating, a limited number of tests were also run with aluminized Teflon and clear

silicone. Initial measurements with uncontaminated samples confirmed previous data

on S-13 (a s ! 0.2) and showed that aluminized Teflon had an acceptable absorptance

(a s = 0.21) while the sample of clear silicone had a considerably higher value

(a s = 0.29).

2.4.1.1 S-13 Solar Absorptance Measurements. In order to obtain a correlation curve

between absorptance of a sample and the amount of its contamination (expressed as the

proportion of surface covered) a number of samples with S-13 coating (8-mil) were

prepared by dusting with basalt powder (<74_ size) and characterized. Figures 2-2a

through 2-2f are microphotographs of six of these samples. Spectral absorptance was

measured in the manner already described. Angle of incidence was held at 20 ° • The

tabulated spectral data are provided in Appendix A. Figure 2-3 provides an indication

of the variation of spectral absorptance for S-13 with and without dust. Except

possibly below 0.4_, the presence of dust results in an increase in the spectral
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Figure 2-1. THE GIER-DUNKIE INTEGRATING SPHERE REFLECTOMETER 
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a. SAMPLE 117 - 4.5% DUST COVERAGE 

b o  SAMPIE $9 - 15.0% DUST COVERAGE 

Figure 2-2. MICROPHOTOGRAPHS OF BASALT DUST ON S-13 COATING 
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C. SfQ4PIE #14 - 28.5% DUST COVERAGE 
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e. SAMPLE #I5 - 35.5% DUST COVERAGE 

f. SAMPLE 1/16 - 80% DUST COVERAGE 

Figure 2-2. MICROPHOTOGRAPHS OF BASALT DUST ON S-13 COATING (CONCLUDED) 
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absorptance of S-13. Also the presence of the dust results in a relatively constant

value of e with respect to wavelength. In terms of total absorptance the results ofs

these measurements are presented in Table 2-4 and Figure 2-4. It is noted that the

effect of dust contamination on the S-13 coating is nonlinear in nature. Dust coverage

of II percent can result in an 100-percent increase in the value of solar absorptance.

Table 2-4

VARIATION OF SOLAR ABSORPTANCE WITH DUST COVERAGE ON

S-13 SAMPLES (8-MIL COATING ON ALU}flNUM)

Sample

6

7

8

9

14

19

15

21

20

16

22

Dust Coverage

0

0. 045

0.095

0.15

0.285

0.31

0.355

0.45

0.555

N0.80

0.975

Solar Absorptance

O. 195

0.245

0.35

0.49

0.603

0.614

0.625

0.707

0.778

0.795

0. 848

After measurements of the absorptance had been taken for the dusted surface,

the dust was blown off with a simple air jet. The gas jet involved nitrogen flowing

for 15 seconds at lO-psi nozzle pressure with the nozzle exit positioned approximately

one inch above the plate and inclined 20 ° from the normal to the plate. The spectral

absorptance was then measured for 5 samples. The results in terms of total solar

absorptance were as follows:
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No.
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Particle Type
Initial

Dust Coverage
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Solar Absorptance

Initial After blow-off

6 None 0.0 0. 195 --

7 Fine dust (below 34_) 0.045 0.245 0.239

14 Fines in dust 0.285 0.603 0.321

15 Coarse dust (above 50_) 0.355 0.625 0.246

21 Fines in dust 0.45 0.707 0.330

It should be noted that in all five cases the solar absorptance after blow-off

corresponded to a dust coverage of less than i0 percent (based on Table 2-4).

Furthermore, the more fines present initially, the less reduction in a s resulted from

blow-off.

Four samples were prepared with a new S-13 coating. The new coating was

somewhat thinner (5.5 mil) than the first coating (8 mil). Solar absorptance for an

uncontaminated sample was therefore higher for the new coating (0.201 as compared

with 0.195). Three of the four new samples were dusted in such a manner as to have

the same proportion of fines present with various degrees of dust coverage. The

initial coverage was established, the dust blown off, and the absorptance measured

with the following results:

Samp ie In itia 1

No. Dust Coverage

29 0.0

31 0.i

32 0.5

30 1.0

Solar Absorptance

After blow-off

0.201

0.281

0.333

0.387

It is apparent that the solar absorptance after blow-off tends to increase with

increasing initial dust coverage when the percentage of fines is held constant.
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A third set of tests w_performed with an improved S-13 coating dusted with

fine basalt powder (below 37_) without measurement of the surface coverage. The

adherence to this smoother and harder coating was weaker and even while dusting with

finer particles the residual contamination was found to be less than it was in the

case with the first batch of S-13 dusted. The following results were obtained:

Solar Absorptance

Sample No. Initial After Blow-off

39 0.475 0.249

40 O. 581 0.267

In an attempt to establish the relationship between the contamination process

and the environment to which the surface was exposed, three identical samples (Nos.

34, 36, and 38) were heated for five hours at 523°K in a bell jar at less than 10 -6

torr. One sample (No. 34) was dusted before being placed in the bell jar while the

other two were dusted after being removed. The dust was then blown off all three

samples. In the case of sample No. 36, the dust was blown off while the sample was

still hot while sample No. 38 was allowed to cool before the dust was removed. The

results were as follows:

Sample No. Solar Absorptance After Blow-Off

34 .283

36 .250

38 .274

The results indicated that the adhesion of the dust particles to the S-13 surface was

not significantly affected by the environment to which the surface was exposed before

or after dusting.

Angular dependence of solar absorptance was determined by measurements at

angles of incidence of 20 ° and 75 °. The results obtained are shown in Table 2-5 and
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Figure 2-5. The uncontaminated S-13 displays a decrease in absorptance with an

increase in angle of incidence. The presence of the dust tends to override this

trend. Solar absorptance increases with increasing angle of incidence for dusted

samples and furthermore this variation is accentuated as the amount of dust coverage

increases.

Table 2-5. TOTAL SOLAR ABSORPT_CE OF S-13 AT 20 ° AND

75 ° ANGLE OF INCIDENCE

Dust

Coverage

S-13 0.0

S-13 0.05

S-13 0.18

Solar Absorptance

20 ° 75 °

0.219 0.183

0.284 0.312

0.523 0.629

Change in as
from 20 ° to 75 °

Angle of Incidence

- .036

.028

.106

At increasing angles of incidence the plate surface area projected to the

incident radiation is less; but that of the dust particles, due to their three-

dimensional geometry, is much the same. The dust particles, with a much higher

solar absorptance than the thermal control coating, thus contribute more and more to

the total absorptance with increasing angle of incidence.

2.4.1.2 Aluminized Teflon Solar Absorptance Measurements. Aluminized Teflon samples

were dusted with the same basalt powder (particle size below 74_) used previously on

S-13. Spectral measurements for solar absorptance were taken in the same fashion as

for S-13. The resulting spectral data is tabulated in Appendix A. An indication

of the variation of the solar absorptance of aluminized Teflon with and without dust

is provided in Figure 2-6. Similar to S-13, the presence of the dust on aluminized

Teflon causes an increase in absorptance at all wavelengths and the resulting curve

shows little variation with wavelength. Absorptance values were lower than with S-13,

but followed a similar curve in relation to surface coverage as shown in Figure 2-7

and Table 2-6.
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Table 2-6. VARIATION OF SOLAR ABSORPTANCE WITH DUST

COVERAGE ON ALUMINIZED TEFLON

Sample No.

23

25

27

26

28

24

Dust Coverage

0.0

0.0

0.265

0.5

0.6

1.0

Solar Absorptance

0.185

0.174

0.481

0.67

O. 739

0.864

Some difficulty was encountered in dusting the Teflon surface for purposes of

measuring solar absorptance. Fines adhered to the surface but larger particles had

a tendency to roll off when the sample was mounted in the vertical position.

Removal of the dust from the aluminized Teflon by simple gas jet was accomplished

on samples No. 26 and 28 with the following results

Initial Solar Absorptance

Sample No. Dust Coverage Initial After Blow-Off

26 0.5 0.481 0.191

28 0.6 0.739 0.163

These results indicate that for the case of aluminized Teflon the dust removal

by a gas jet was quite effective. There is also an indication, based on this data

along with that of Table 2-6, that the values of solar absorptance for the uncontami-

nated (or decontaminated) aluminized Teflon display a significant spread from sample

to sample (all of which were taken from the same panel).

Three samples of aluminized Teflon (Nos. 33, 35, and 37) were tested in the

same manner as that described for S-13 samples No. 34, 36, and 38. Sample No. 33 was

dusted before being put in the bell jar, while samples No. 35 and 37 were dusted after
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being removed from the bell jar. The dust was removed from all three samples with

sample No. 35 still hot and sample No. 37 cool. The results were as follows:

Sample No.

33

35

37

So lar Absorptance

After Blow-Off

0.202

0.196

0.194

As with S-13, these results indicated the adhesion of the dust to the aluminized

Teflon surface was not appreciably affected by the environment to which the surface

was exposed before or after dusting.

Solar absorptance for aluminized Teflon was measured at angles of incidence of

20 ° and 75 °• The results are shown in Table 2-7 and Figure 2-8.

Table 2-7. TOTAL SOLAR ABSORPTANCE OF ALUMINIZED

TEFLON AT 20 ° AND 75 ° ANGLE OF INCIDENCE

Dust Coverage

0.0

0.0

_0.5

Solar Absorptance

20 ° 75 °

0.196 0.287

0.213 0.295

0.667 0.875

Change in _s
from 29 ° to 75 °

Angle of Incidence

0.091

0.082

0.208

For the uncontaminated sample an increase in solar absorptance is observed with

an increase in angle of incidence. The presence of the dust appears to cause greater

increase in solar absorptance for a given increase in angle of incidence.

2.4.1.3 Clear Silicone Solar Absorptance Measurements. Only two data points were

obtained for the solar absorptance of clear silicone as a function of dust coverage.

These are as follows:
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Table 2-8. VARIATION OF TOTAL SOLAR ABSORPT_CE WITH DUST

COVERAGE ON CLEAR SILICd_E SAMPLES

Dust Coverage

0.0

0.37

Solar Absorptance

0.29

0.581

The uncontaminated spectral data is presented in Figure 2-9. It is noted that while

the uncontaminated clear silicone has a higher value of solar absorptance than uncon-

taminated S-13 or aluminized Teflon, the effect of dust contamination on clear silicone

is not so severe as is the case with the other two coatings.

2.4.2 Infrared Emittance Measurements

The infrared emittance of test samples of S-13 and aluminized Teflon was

measured with a Perkin-Elmer 13U Spectrophotometer shown in Figure 2-10 with a black

body source temperature of 523°K° The value of emittance was calculated for a black

body energy distribution at 395°K (peak at 7.3_). The spectral range measurements

(2_-14H) cover 70 percent of the radiant energy. The contribution of emittance above

14H should not substantially change the calculated value, because only slight variations

in emittance are to be expected in this wavelength range. The measured values of total

normal emittance for clean and dusted samples are listed in Table 2-9.

Table 2-9. EMITTANCE OF THERMAL CONTROL COATINGS

S-13

Aluminized Teflon

Clean

0.83

0.85

Dusted

0.88

0.92

Dust Coverage

i .00

_0.9

A monochromatic emittance curve for S-13 with and without basalt dust is shown

in Figure 2-11. Tabulated spectral data is found in Appendix A. S-13 shows a strong

absorption band with a peak at 3.12H (attributed to -O11 groups) and a strong
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reflectance at 4.1U. At longer wavelengths the emittance gradually increases to a

maximum at 8.6_ (attributed to the Si-O absorption band at 7.9U), with another

maximum at iI.75_. With basalt dust present these features are strongly attenuated

and the spectral absorptance becomes more uniform over the 2-14_ spectral range.

It was not possible to work with an aluminized Teflon sample covered completely

by basalt dust as with the S-13 sample. However, even with incomplete coverage (_0.9)

as shown in Figure 2-i_ the same trend was observed; i.e., the spectral absorptance

is more uniform over the wavelength range (2-14_) when the sample is covered by dust.

2-34



1.0

.9

.8

v

.6

¢,o

E-I

Ill

m .4

TR-792-7-207B

7 June 1967

.3

.2

.I

,!ii!__ii:I _ _ _

' r i, !:!'il:i:l_::

:: ' ], i iI

__IL..I.:I:L..L:i;:

0 2

Figure 2-12.

4 6 8 I0 12 14

WAVELENGTH (MICRONS)

SPECTRAL EMITTANCE IN THE INFRARED SPECTRUM FOR ALUMINIZED

TEFLON WITH AND WITHOUT DUST

2-35



ItORTHROP SPACELASORATORmS TR-792-7-207 B
7 June 1967

SECTION III

DUST REMOVAL/PREVENTION CONCEPT

During the second phase of the research effort, the primary objective was to

investigate the most promising techniques for removing or preventing the accumulation

of dust on radiator surfaces. The subsections which follow provide a detailed

account of this investigation.

3. i BACKGROUND

In order to realistically approach the problem of the removal/prevention of

dust, an awareness of current trends in thermal radiator designs for space systems

is necessary. Also, an understanding of the results of any past studies relating

to dust removal in an environment similar to that of the Moon is useful.

3.1.i Thermal Radiator Characteristics

Thermal radiators generally consist of a plate with tubes carrying the coolant

fluid. For the case of a flat radiator panel these tubes are brazed or welded to

the non-radiating side of the plate. Three such configurations are shown in Figure

3-1. The radiator panel need not be completely flat. For example, free-standing

vertical radiators radiating from both sides have been considered, in which the panels

are arranged in a plane through the tube centerline. This and other possible con-

figurations in which the surface is not completely flat are shown in Figure 3-2. The

tubes may be circular or flat depending on internal pressure, manufacturing techniques,

and meteoroid protection requirements.

A literature survey was carried out to establish the thermal radiator

characteristics for typical space systems. Systems studied included SNAP 50/SPUR
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(b) SINGLE SHEET

(¢) SINGLE EMBOSSED

Figure 3-1. F_T _DIATOR PANEL CONFIGURATIONS
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(b) DOUBLE EMBOSSED (NON-CIRCULAR)

(C) SINGLE SHEET FORMED

Figure 3-2. NON-F_T _DIAT_ PANEL CONFIGU_TIONS
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(ref. 14), Lunar Exploration Systems for Apollo (refs. 15 and 16), MOLAB (ref. 17),

Lunar Shelter/Rover (ref. 18), and Northrop's Lunar Drill (ref. 19), as well as several

other systems (refs. 20 and 21). All radiator designs involved either flat or convex

radiator surfaces. Surface temperature ranged from 278°K to 952°K. A summary of the

results of the literature survey is provided in Table 3-1.

3.1.2 Previous Dust Removal/Prevention Concepts

Very little information is available in current literature relating to dust

removal concepts in a simulated lunar environment. In the literature survey

associated with the current study, reference 6 provided the only pertinent data.

This report described the use of vibratory motion to shake dust off surfaces in

a vacuum. For basalt particle 3_ to 70_ in diameter, a frequency of 3000 cycles

per second was required to overcome the adhesive forces occurring in a vacuum of

-i0
4.8 to 9 x I0 torr. An impact device was used to cause the vibration of the

surface.

3.2 MODEL TEST MATERIALS

Based on the results of_the first phase of the research effort described in

Section II, S-13 was selected as the thermal control coating for the second phase.

Basalt dust with particle size below 53_ was selected for the dust. Aluminum alloy

2024T4 was chosen for the radiator panel material. A square,flat surface was

established as the standard shape with a finned-tube radiator panel surface to be

tested for any concept which appeared sensitive to radiator surface geometry.

3.3 CONCEPTUAL DESIGN AND ANALYSIS

Preliminary conceptual design efforts were directed toward establishing the

size and configuration of radiator panels and the dust removal/prevention models

3-4
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to be fabricated and tested. The basic guidelines were:

• The radiator panel should be designed such that it can be tested with several

different removal/prevention systems.

• The radiator panel with a removal/prevention system attached should fit

easily into either a 46- by 77-cm bell jar or a 0.90- by 1.52-m space

chamber.

• The Northrop carbon-arc solar simulator produces a beam of uniform intensity

in a region -30 cm in diameter°

• Each removal/prevention system should be capable of several consecutive

tests in the vacuum chamber without the need for breaking the vacuum.

,e The radiating surface should be isothermal,

With these guidelines_ the conclusion was reached that a radiator panel

approximately 15.4 cm square was the most suitable for the experimental work°

A total of eight different concepts were considered for application to the

program. These concepts were as follows:

• Brush - The surface is wiped clean of dust by the sweeping action of a

moving brush.

• Electrostatic Curtain - An electrostatically charged curtain sweeps over the

surface lightly and removes the dust particles if they possess an electro-

static charge,

• Electrostatic Surface - Charged particles are driven off the surface by a

continuously varying sinusoidal electrostatic force field which is generated

by electrical conductors embedded in the thermal control coating.
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• Jet and Shield - A transparent shield prevents dust from collecting on the

radiator surface and a high-velocity gas jet blows the dust particles off the

shield°

• Jet and Surface - A high-velocity gas jet blows the dust particles off the

radiator surface_

• Spinning Shield - A spinning transparent shield prevents dust from collecting

on the radiator surface while its spinning action slings the dust off its

own surface.

• Vibrating Shield - A vibrating transparent shield prevents collection of dust

on the radiator surface and is kept free of dust by the vibrating action Which

tends to bounce the dust particles off the shield.

• Vibrating Surface - The radiator surface itself is vibrated and this action

tends to bounce the dust particles off the radiator surface.

Figures 3-3 through 3-10 provide sketches of these initial concepts. As part of the

basic design philosophy, as indicated in these figures, the devices were compatible to

one another with regard to interchange of parts or possible combination of devices.

This philosophy permitted greater flexibility and efficiency during model fabrication

and testing° Figures 3-3 through 3-10 also give evidence to the fact that all of the

dust removal/prevention concepts were originally conceived as experimental laboratory

devices, as opposed to operational systems.

Performance factors for grading or comparing the eight concepts were established°

A presentation of the relative merits of the eight concepts was made to MSFC personnel

on 29 June 1966. Attending this meeting were representatives from the Propulsion and

Vehicle Engineering Laboratory_ Aero/Astrodynamics Laboratory, and Advanced Systems

Office, along with Northrop/lluntsville and Northrop/Hawthorne personnel_ Sketches of
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all eight concepts were delivered to the NASA Technical Representative at this meeting.

The charts used in the presentation are provided in Appendix B along with a discussion

of their development. Chart i provides the basic philosophy for the conceptual design

of any of the devices. Chart 2 summarizes the available forces for removing the dust.
e

The eight devices and the force associated with each are summarized in Chart 3. The

performance parameters were divided into two categories i experimental and operational.

The experimental parameters which are shown in Chart 4 reflect the feasibility of

carrying out a test program with experimental models of the concepts. The operational

parameters, presented in Chart 5, are concerned with the practicality of a particular

concept for an operational system on the Moon. These parameters were subdivided into

two groups: operational factors and operational considerations. Essentially the

operational factors were those parameters which were more quantitative in nature, while

the operational considerations were those which were more qualitative. It should be

noted thatastronaut maintenance, implying astronaut extravehicular activity (EVA_ was one

of the operational factors. The avoiding of astronaut EVA was one of the basic

guidelines for the entire research effort.

Performance matrices were developed to present the grades assigned to each device

for each parameter. These matrices are presented in Charts 6 through 9. Mass and

power requirements were regarded as important enough to have a separate chart (Chart 9)

devoted to the calculated values for the various systems. The data presented in this

chart were based on the mass or power associated with cleaning or shielding 0.093 square

meter of radiator surface in one second. In those cases where the overall size of the

radiator surface affected the calculations, a 3.04- by 3.04-meter surface was used. It

was assumed that 0.00159 kg was the powerplant mass per power produced, and this
watt

factor multiplied by the power requirement for each system gave the "mass for power."

Including this as part of the system weight was not necessarily appropriate as the

system will not operate continuously and the power supply used for it can be usedfor
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Other purposes as well. The "mass for power" in every case, however, Was negligible

in comparison with the mass of the entire system, and thus this additional mass had no

significant effect onthe relative operational merit of the concepts.

A summary matrix is provided in Chart i0 to indicate the relative merit of the

various concepts and to indicate the order of priority for design, fabrication, and

test. As this chart indicates, the vibrating surface was assigned priority no. I.

The jet and shield was assigned priority no. 2, while the brush operating on the trans-

parent shield was given priority no. 3. These three devices were definitely to be

tested. The electrostatic curtain, which was fourth in priority, was to be tested

providing time and funds permitted. The selection of the two devices involving shields

was motivated by a desire to avoid imposing excessive handicaps on concepts due to the

affinity of S-13 for dust.

3.4 WORKING MODEL DESIGN AND FABRICATION

Based on the priority established in the preceding subsection, working drawings

were developed for the first three concepts. A list of these drawings is provided

in Appendix D.

For the vibrating surface, provision was made for either a mechanical vibrator or

a piezoelectric oscillator to be used as the source of vibration. A Goodman V-47

vibrator was selected for the mechanical vibrator. The design, as shown in Figure 3-11,

called for the shaft of the V-47 vibrator to be positioned on the lower face of the

test plate so that vibration could be induced either by continuous motion with the

shaft attached to the plate or by impact with the shaft unattached to the plate. For

piezoelectric vibration, piezoelectric crystals (Type 10D4 HDT-31) 10.24 cm in

diameter and 0.256-cm thick were ordered from Gulton Industries, Inc. The design

called for one crystal to be bonded to the lower face of the test plate. The crystal
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PLATE

! --V-47 VIBRATOR

BASE PEDESTAL

Figure 3-11. FINAL DESIGN FOR VIBRATING SURFACE

DEVICE WITH V-47 VIBRATOR
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was to oscillate in the radial mode causing the plate to vibrate in a similar

manner. The frequency of oscillation was to be varied to remove dust located in

a nodal area (corresponding to a specific frequency) on the plate.

The final version of the jet and shield device is shown in Figure 3-12.

Preliminary test results indicated that for a compressible fluid a simple converg-

ing nozzle produced a jet with shearing stresses equal to those obtained with a

converging-diverging nozzle. Several different sizes of converging nozzles

(hemispherical slit models 3/8 _l TTL, TTP, TTQ, TTR, TTU, and TTV) were obtained

from Spraying Systems Company. These nozzles are shown in Figure 3-13(a). Pro-

vision was also made for the use of an incompressible fluid in the jet and shield

concept. For this case special nozzles (Models 1/4" PS010, 3/841 P5025, and

3/8" P5040) from Spraying System Company, designed for use with incompressible

fluids, were selected. The incompressible flow nozzles are shown in Figure 3-13(b).

As noted in Figure 3-10, the position of the nozzles relative to the plate or shield

was adjustable.

A number of different materials were considered for the transparent shield.

These included potassiun chloride (KCI), sodium chloride (NaCI), arsenic trisulfide

(As 2 S_, and arsenic modified selenium glass. The ideal characteristics of such a

shield would be high transmittance in the infrared spectrum and high reflectance

in the solar spectrum. Evaluation of the relative performance of the four materials

listed was hampered by lack of available data concerning their values of transmit-

tance and reflectance in both the solar and infrared regions. Based on the avail-

able data plus cost and time considerations, arsenic-trisulfide glass manufactured

by Servo Corporation of America under the trade name Servofrax was chosen.
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INCOMPRESSIBLE FLUID NOZZLES

ARSENIC-TRISULFIDE SHIELDJ

BASE PEDESTAL

Figure 3-12. FINAL DESIGN FOR JET AND
SHIELD DEVICE
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a. Compressible Flow

b. Incompressible Flow

Figure 3-13. NOZZLES FOR JET AND SHIELD DEVICE
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The final mechanical brush design, shown in Figure 3-14, involved a worm gear

drive system which pushed the brush frame forward and back like a piston. The brush

was attached to the frame by means of a slotted insert. The use of slotted inserts

permitted the testing of more than one brush material for wiping the test plate

or shield. Brush materials selected included bristles, cheesecloth, and styrofoam.

The electrostatic curtain design was so similar to that for the mechanical

brush that no design drawings were necessary. Basically a special slotted insert

was to be used with the mechanical brush design. This insert, which was to be

connected to a high-voltage electrostatic generator, consisted of three parts as

shown in Figure 3-15. The center was an electrical conducting wire or rod. The

upper portion, where the insert joined the brush frame, was composed of an electrical

insulator. The lower face of the insert, which was to be in contact with the dusted

plate or shield, was dielectric material.

As previously noted in subsection 3.3, 15.4-cm square aluminum plates 0.103-cm

thick were selected for use as the radiator panel. These plates were of two types,

flat and non-flat. The non-flat plates had 2 half-cylindrical humps on their surface

to simulate the top of a fin-tube radiator surface. The design of these test plates

called for the upper face to be coated with S-13 paint while the lower face was to

be coated with a spray-on resistance heating material 0.04- to 0.05-cm thick.

Fabrication of the first three concepts was performed by Metal Research, Inc.

The spray-on resistance heater plates were applied by Electrofilm, Inc. The S-13

coatings for the same plates were applied by Northrop. Because of lack of funds

the electrostatic device was never fabricated.
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BRUSH

WORM-GEAR DRIVE

TEST PLATE- DRIVE BELT

BASE PEDESTAL

DRIVE MOTOR

Figure 3-14. FINAL DESIGN FOR MECHANICAL BRUSH
AND SHIELD DEVICE
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'_CONDUCTOR

DIELECTRIC

Figure 3-15. ELECTROSTATIC CURTAIN INSERT
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3.5 PERFORMANCE TESTING

In testing the dust removal/prevention devices, the basic philosophy was to

carry out simple preliminary tests under atmospheric conditions, followed by tests

at low pressure without a heat load in a bell jar or vacuum chamber. Based on the

results from these two types of tests, the final tests of each device were carried

out in a vacuum chamber with a heat load. Because of delays encountered in receiving

certain parts of the apparatus, the actual order of testing was:

i) Jet concept

2) Vibrator concept

3) Brush concept

4) Electrostatic concept (preliminary only).

3.5.1 General Test Arrangement and Procedure

The final tests for each device were carried out in Northrop's 3.6.5 x 2.13-

meter space chamber shown in Figure 3-16. Chamber wall temperature for each test

was maintained at 80°K by means of liquid nitrogen. Chamber pressure ranged from

10-6 to 10-5 torr.

The solar simulation was supplied by a Strong Electric Corporation carbon-arc

lamp (Model 75000-1) shown in Figure 3-17. This lamp was placed outside the chamber

and aimed at an 18-cm diameter port in the chamber wall. The beam was then deflected

90 ° downward, by a first-surface aluminum mirror, onto the test specimen. The lamp

was positioned such that the intensity of the beam when focused on the test specimen

Was one sun. Figure 3-18a and 3-18b provide general views of the space chamber and

solar simulator during the tests. The beam was approximately 23 cm in diameter at

the plane of the test specimen. Radiometers (Model # P-1401-B-03-000-072 from Hy-Cal

Engineering) were used to monitor the radiation intensity during test runs.

3-25



/ 

, 

3-26 

TR-792- 7-207B 
7 June 1967 



TR-792-7-207B 
7 June 1967 

Figure 3-17. THE CARBON ARC SOLAR SIMULATOR USED W I T H  THE SPACE 
S IMULATION CHAMBER 
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Figure 3-18. SOL R SIMULATOR AND SPACE CHAMBER T E S T  ARRANGE 
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Power was supplied to the resistance heater coating by means of a regulated

DC power supply, Model LH 131 FM, manufactured by Lambda Electronics Corp. A Weston

portable standard wattmeter, Model 310 was used to measure the power expended. The

test plate was mounted in the apparatus as shown in Figure 3-19. The nylon tips on

the support tongs proved effective in minimizing heat leakage. The underside of

the test plate was insulated with aluminized fiberglass mat 0.48-cm thick.

The test samples were instrumented with chromel-constantan thermocouples

to measure equilibrium temperatures of the samples. The thermocouples were made

using 40-gauge wire to keep heat conduction losses to a minimum. Five thermocouples

were attached to the underside of each test sample, one at each corner and one in

the center. Holes were provided inthe heating element coating to allow the thermo-

couples to be attached directly to the aluminum plate.

When used, the shield was mounted above the plate at a distance of 4.5 cm.

The shield temperature was measured by means of chromel-constantan thermocouples

attached on the edge of the shield.

3.5.2 Calibration Test Runs

Initial equilibrium temperature calibration tests were carried out with

one of the test plates. Temperature readings from 4 of the 5 thermocouples attached

to the panel were recorded with varying dust coverage and different ambient conditions.

The thermocouples were attached at the center and near three of the four corners of

the panel. The fourth corner of the test plate was damaged and no temperature

measurements were recorded from that thermocouple. Because the temperatures from

the other three corners were almost identical, the lack of temperature data for

one corner did not warrant repeating the calibration test. There was, however, some
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heat leakage from the corners as shown by slightly higher temperatures at the center

of the plate. The general test arrangement is shown in Figure 3-20.

A summary of the runs is presented in Table 3-2. For the first run a clean

S-13 coated plate was used. For the second run the same plate was covered with

basalt powder with particle size of 50_ (44_ to 53H fraction) by sieving the dust

on the surface of S-13. The amount of dust on this heavily dusted plate was not

determined under the m_roscope, but the coverage was visually estimated to be

40 percent. The dusted plate is shown in Figure 3-20. After the measurements, the

dust was blown off and the plate with the remaining fines, estimated to represent

3- to 4-percent coverage, was used for the third run. Finally, the plate was

cleaned with toluene and used for the fourth run.

The environmental conditions for all tests were the same. The vacuum was

-5
in the order of I0 torr and the chamber walls were cooled by liquid nitrogen

to 80°K. The intensity of irradiation falling on the sample from the solar

simulator was i solar constant or 0.14 watt/cm 2. To heat the plate in the vacuum

to 366°K required 25 watts of power input to the Electrofilm heating elements, and

about 32.5 watts to bring the temperature to 394°K.

3.5.3 Jet Concept Testing

As originally conceived, the jet concept was to be applied to cleaning the

transparent shield. Because of the design of the experimental device, however, it

was possible to conduct tests with the jet cleaning either the shield or the plate.

As a result test runs for both combinations were carried out. The final version

of the jet and plate model is shown in Figure 3-21.
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Figure 3-20. CALIBRATION TEST RUN FOR S-13 PLATE WITH 40-PERCENT 
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Table 3-2. DATAFORCALIBRATIONTESTRUN

Surface= S-13 CoatedAluminum

Solar
Simulator

OFF

OFF

ON

OFF

ON

ON

OFF

OFF

ON

Heat S-13 Temp (°K) Test

Load Thermocouple # Set-up

cm 1 2 3 4 5

.0976

.127

.0976

.0976

0

.0976

.0976

.131

ON .0976

ON •131

OFF .0976

OFF .128

ON 0

ON .0976

ON •128

370 - 369.5 369.5 369.5

Clean

395 - 394 394 394 S-13

392 - 391 391 391

379 - 378.5 378.5 378

Dusted
326.5 - 324 324 325

S-13

!~422 - ~422 _422 422

366.5 - 365.5 365.5 365.5

395.5 - 393 393.5 393.5

Jet
301 - 300 301 301

Cleaned

S-13
396 - 393 394 394

421 - 415 418 418

370 - 369 369 369

395 - 393.51393.5 393.5

Toluene
276 - 275 275 275

Cleaned
I

S-13
391 - 389.5_389.5 389.5

415.5 - 411 411 411

Dust

Coverage*

0.0

0.40

0.03 - 0.04

NO.O

* based on visual inspection.
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INCOMPRESSIBLE FLUID NOZZLES

TEST PLATE

PEDESTAL

Figure 3-21. FINAL DESI(_q FOR JET AND PLATE DEVICE
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3.5.3.1 Preliminary( Jet Testing.
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Before arrival of the special nozzle from Spraying

Systems Company, preliminary tests both under atmospheric conditions and in the space

chamber at 10-4 torr were carried out using several makeshift converging nozzles.

Nitrogen gas at pressure ranging from 0.68 to 68 atmosowas used. These preliminary

tests indicated that the effectiveness of the jet cleaning concept decreases with

decreasing ambient pressure. In general with the nozzle located approximately 2.6 cm

from the dusted surface, a significant amount of dust was removed only from that

portion of the surface within 3 cm of the leading edge. In this region the residual

dust was 2 to 3 percent. In general, large angles of incidence (relative to the

normal) proved most effective.

3.5.3.2 Establishment of Working Fluid. Both compressible and incompressible

fluids were used in the jet and shield tests• In all tests the shield was completely

covered uniformly with basalt dust of particle size in the 44_ to 53_ fraction•

Because of delays associated in the delivery of the arsenic-trisulfide glass, initial

runs were carried out with ordinary plate glass (18.2 x 18.2 x 0.32 cm).

For compressible fluid gaseous nitrogen was used at 20.5 atmos. Three different

hemispherical slit nozzles (models TTU, TTQ, and TTL) from Spraying Systems Company

were tested. Chamber pressure was 2 x 10-4 torr.

Dust remained on the glass test plate with 2-percent (at the nozzle) to

75-percent coverage. This test with the three nozzles was repeated at ambient

atmospheric pressure and resulted in less than 3-percent dust remaining on the

plate. An additional test was run in vacuum with 1.28-cm baffles erected at the

edges of the plate and parallel to the gas stream. The only effect of the baffles

was to change the dust pattern without substantially changing its coverage.
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These tests confirmed preliminary test results indicating that a compressible

jet was ineffective for dust removal from the experimental apparatus in a vacuum.

The first incompressible fluid tested with the jet and shield concept was

water. The water pressure was 4.44 atmos, and flow was controlled (on-off) by a

solenoid valve at each of three nozzles. The nozzles were all "flatjets" made by

Spraying Systems Company. Three sizes were used: 1/4" PS010, 3/8" P5025, and

3/8" P5040. The nozzles were located as close as possible to the top of the glass

plate with the nozzle axis parallel to the plate. Under atmospheric pressure, this

was the position providing the most effective sweep of the glass. The spray was

about 45 ° from the nozzle axis.

There was no noticeable difference in the cleaning effect of the three

nozzles. Chamber pressure was 10-6 torr at the beginning of the test. The water

froze innnediately on leaving the nozzle and flakes of ice were visible 50 milli-seconds

after the valve was opened. During this test, the valve was open 0.5 second. For

this entire period, ice left the nozzle area in random sizes. Some pieces were about

2 cm across, but all were very thin in cross section. It is possible that the water

froze in these thin sheets on striking the nozzle deflector. There was a partial

removal of dust, but the glass plate was not cleaned. After the ice sublimed from

the glass, there was a mottled residue of dust remaining on the glass plate. This

residue possibly resulted in part from impurities in the water.

The second incompressible fluid tested was benzene which, at a pressure of

3.4 atmos., was sprayed onto the test plate. Chamber pressure was in the 10 -6 torr

range. The nozzle, a Spraying Systems Company 3/8" P5025 flatjet was located 18 cm

above the edge of the test plate with the nozzle axis parallel to the plate surface.
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The spray was activated for about 0.5 second and the test plate then examined

for dust coverage. The remaining dust coverage was 2 percent at the minimum (near

the nozzle) to 20 percent at the maximum.

The third incompressible fluid tested was inhibisol (methyl chloroform).

The initial tests with inhibisol were carried out in the same manner as described

previously for benzene. Dust remaining after the test varied from 4 percent to

i0 percent. The test was run again for confirmation and resulted in 5-percent to

10-percent dust coverage remaining.

During the initial tests with nitrogen and the three liquids mentioned, high-

speed (i00 frames/sec) cinematography was utilized to record results. Based on an

analysis of the resulting films, as well as an examination of the dusted surfaces

after each test, inhibisol was selected as the most promising working fluid for

further testing.

The next series of tests was designed to determine the optimum position of

the nozzle relative to the dusted surface with inhibisol as the working fluid.

A 3/8" P5025 nozzle was used. The test arrangement is shown in Figure 3-22. In

all cases the inhibisol was at a pressure of 3.4 atmos, and chamber pressure was

-5
less than i0 torr. The spray was activated for 0.5 to 1.0 second. Test results

are tabulated in Table 3-3. Test No. 5 indicates that the inhibisol jet can satis-

factorily clean the S-13 surface as well as glass. Dust coverage was determined

under the microscope and by measuring solar absorptivity of a representative area.

The dusted t'sample_1 had _ = 0.236, indicating 3.5-percent coverage (see Table 2-4).
S

For a clean sample = = 0.186.
S
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--_ A

Figure 3-22. TEST ARRANGEMENT FOR DETERMINATION OF

OPTIMUM NOZZLE POSITION WITH INHIBISOL
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Test No.

I II

I

2

3

4

5

Table 3-3.

I

Specimen
I

glass

glass

glass

polished aluminum

S-13 coated aluminum

OPTIMUM NOZZLE POSITION TEST RESULTS

A. (cm)

7.68

3.84

3.84

3.84

3.84

B. (cm)

1.28

3.84

6.40

6.40

6.40

Dust Coverage -

,,_Remaining

0.I0

0.02- 0.i0

0.02

0.01

0.35

lm

3.5.3.3 Final Jet Tests. The final tests with the inhibisol jet concept involved

the use of the solar simulator and the resistance heater and was carried out in

three parts. First the jet was used to clean a dusted S-13 plate without a shield.

Second, the jet was applied to a dusted glass shield covering the S-13 plate.

Finally the jet was used to clean a dusted arsenic-trisulfide shield covering the

S-13 plate. The glass and As2S 3 shields were placed 4.5 cm above the test plate.

The glass shields measured 18.2 by 18.2 by 0.32 cm while the arsenic trlsulfide

was 17.9 by 17.9 by 0.64 cm. In all runs chamber pressure was ~ 10 -6 torr. The

methyl chloroform spray was activated in the first test with chamber wall temperature

at 150°K. This resulted in the inhibisol freezing in the feed llne to the nozzle

and produced a frozen particle spray which left a dust residue of from zero to

twenty percent. This test was repeated with the chamber walls at room temperature

during the dust-cleanlng portion of the test. This resulting in the inhibisol

remaining in a liquid form as it traveled from the nozzle to the plate; The results

obtained in terms of plate temperature for both the frozen inhibisol and the liquid

inhibisol are shown in Tables 3-4a and 3-4b. The original test data for these runs

are found in Appendix C.I.
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Table 3-4a. DATAFORJET CONCEPTTESTRUNWITHOb_SHIELD

Surface: S-13 coated aluminum
Spray: Frozen methyl chloroform (inhibisol)

Solar

Simulator

OFF

OFF

OFF

OFF

ON

ON

OFF

OFF

OFF

ON

ON

Heat

Load

/
cm

.078

.078

.I01

.I01

.078

.I01

.0351

.078

.117

0

.117

S-13

Temp

(OK)

366

366

393

391

414

431

Test Set-Up

Dusted

S-13

Without

Shield

294

357

393

298

418

Spray

Cleaned

S-13

Without

Shield

Dust Coverage*

0 •25

0.075

*based on visual inspection
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DATA FOR JET CONCEPT TEST RUN WITHOUT SHIELD

Surface: S-13 coated aluminum

Spray: Liquid methyl chloroform (inhibisol)

Solar

Simulator

OFF

OFF

OFF

OFF

ON

ON

ON

ON

ON

ON

ON

OFF

OFF

OFF

OFF

ON

ON

ON

ON

Heat

Load

cm 2

.0663

.078

.117

.156

0

.0585

.078

.0975

.117

.137

.156

.0351

.0585

.0975

.156

0

.0624

.0975

.156

S-13

Temp

(°K)

360

376

416

449

361

419

433

449

458

471

484

Test Set-Up

Dusted

S-13

Without

Shield

294

331

373

417

294

373

401

437

Spray
Cleaned

S-13

Without

Shield

Dust Coverage*

0.25

0.03

* based on visual inspection
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For the tests involving the shields, the inhibisol spraying process was

carried out with the chamber walls at room temperature and a liquid spray resulted.

The results obtained for these tests involving the shields are provided in Tables

3-5 and 3-6. The original test data for these runs are found in Appendixes C.2 and

C.3.

Unfortunately, a network of hairline cracks appeared in the As2S 3 shields

during testing. To what extent these cracks impaired the performance of the shields

is difficult to establish. These As2S 3 shields did not, however, appear to have

performed in accordance with the performance specifications provided by the manu-

facturer.

3.5.4 Vibrator Concept

Two sources of vibration were utilized in conducting Lthe vibration tests,

mechanical and piezoelectric. For the mechanical vibrator, two methods of trans-

ferring the vibration to the test plate were considered. The first involved transfer

by direct linkage or bonding. The second involved transfer by impact.

3.5.4.1 Preliminary Vibrator Tests. A 300V oscillator was assembled for the vibra-

tion tests. It consisted of a Krohn-Hite Model 440A oscillator connected to a

Mclntosh 75-watt amplifier. The output of the amplifier passed through a II5V

to 700V step-up transformer yielding an output of 0-340V over a frequency range of

50-2000 cps.

Preliminary tests were performed with the V-47 vibrator. This vibrator has

a frequency range of I0 to 2000 cps with a maximum displacement of 0.256 cm and a

maximum force of 4.45 x 105 dynes. In the first of the preliminary tests under
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Table 3-5. DATAFORJETCONCEPTTESTRUNWITHGLASSSHIELD

Surface:
Shield:
Spray:

S-13 coated aluminum
Glass
Liquid methyl chloroform (inhibisol)

Solar
Simulator

OFF

OFF

OFF

OFF

ON

ON

ON

OFF

OFF

ON

ON

OFF

OFF

ON

ON

OFF

OFF

ON

ON

ON

Heat

Load

(watts)--2r-

.0195

.0234

.0897

.121

0

.0897

.121

.0585

.0897

.0585

.0897

.0741

.i01

.0741

.i01

.0585

.0897

.0585

.0897

.i01

S-13

Temp

(OK)

266

273

369

396

272

389

412

350

387

381

408

368

399

396

423

353

387

382

412

422

Shield

Temp

(OK)

256

276

289

307

261

280

314

327

256

275

290

304

310

Test Set-Up

Clean S-13

Coated

Aluminum

No Shield

Clean Glass

Shield Over

Specimen

Dusted Glass

Shield Over

Specimen

Spray-Cleaned
Glass Shield

Over Specimen

Dust

Coverage*

0.0

0.0

0.25

< Q.05

*based on visual inspection.
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Table 3-6• DATAFORJET CONCEPTTESTRUNWITHARSENICTRISULFIDESHIELD

Surface:
Shield:
Spray:

S-13 coated aluminum
Arsenic trisulfide (As2S 3)
Liquid methyl

chloroform (inhibisol)

Solar

Simulator

OFF

OFF

OFF

OFF

OFF

OFF

OFF

ON

ON

ON

OFF

OFF

ON

ON

OFF

OFF

OFF

ON

ON

OFF

OFF

OFF

ON

ON

Heat

Load

(watts)

.0059

•0078

.0117

.0351

.078

•137

.195

.0585

.0897

.121

.078

.137

.0585

.137

.0585

.0897

.137

.078

.137

.0897

.137

•183

.078

.137

S-13

Temp

(OK)

216

227

247

301

358

4O8

445

358

388

411

370

420

374

437

349

387

426

391

440

384

423

451

395

437

Shield

Temp

(OK)

249

270

319

335

255

277

295

320

342

262

280

295

327

338

Test Set-Up

Clean S-13

Coated Aluminum

No Shield

Clean As2S 3
Shield Over

Specimen

Dusted As2S 3
Shield Over

Specimen

Spray-Cleaned

As2S 3 Shield

Over Specimen

Dust

Coverage *

0.0

0.0

0.25

<0.05

* based on visual inspection.
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atmospheric conditions the shaft of the vibrator was bonded to a 15.4- by 15.4-cm

aluminum plate. Mechanical transfer to the plate was good except at higher amplitudes

with lower frequencies. The dust could be removed fairly well from a clean aluminum

plate. However, finer dust remained in a spiral path from the center out, following

a nodal area located in a circle about half-way between the center and the edges of

the plate. The dust could not be vibrated from the S-13 coating on an identical

aluminum plate.

In a second test, the shaft of the vibrator was not attached to the plate.

A 2.56-cm diameter aluminum disc was attached to the V-47 head and placed 0.005 cm

below the test plate and set into vibration. With the test system tilted 15 ° ,

the polished aluminum plate was cleaned to within 2-percent residual dust coverage.

Results with an S-13 coated plate were less satisfactory. Approximately 15-percent

dust coverage remained.

In testing the piezoelectric vibrator, the crystal was bonded to a 15.4- by

15.4-cm plate of aluminum, and was then excited by a wide range of voltages (up

to 800 volts) at frequencies throughout and above the audio range. In the initial

test the aluminum plate was resting on a laboratory table top and was tilted at

various angles to the horizontal during crystal excitation, with marked improvements

in performance as angle of tilt increased. As expected, excitation at the resonant

frequency gave the best results, but adequate dust removal was not achieved by this

method. An excessive residue of fines remained, even after extended periods of

vibration. Because these initial tests were carried out under atmospheric pressure,

the results obtained were not considered conclusive.

Subsequent tests with the piezoelectric crystal were conducted using different

clamping and suspension techniques. The 15.4- by 15.4-cm aluminum plate was:
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(I) suspended by clamps at the four corners, (2) clamped along all four edges,

(3) clamped on two opposite edges, and (4) clamped along one edge. In each case

the crystal was excited up to 800 volts at frequencies throughout and above the

audio range. Dust removal was not satisfactory.

Based on the results of these preliminary tests, the decision was reached

to utilize the V-47 shaker for the final series of tests of the vibrator concept.

3.5.4.2 Final Vibrator Tests. The tests utilizing the V-47 Goodman shaker were

conducted in Northrop's 3.65- by 2.13-meter chamber with wall temperature at

79°K and pressure in the low 10-6 torr range. The axis of the shaker was normal

to the test plate and located at the center of the plate. The shaker head was

separated from the test plate a distance of 0.005 cm in the rest condition. The

assembly was tilted 15 ° and the shaker excited at I00 cycles/sec for about 3

seconds to remove the dust. The test was run two times. The validity of the first

data must be questioned because the dust removal appeared poor and the shaker head

adhered to the test plate. The test results are presented in Table 3-7. The

original test data is provided in Appendix C-4.

3.5.5 Brush Concept

Initially plans called for testing the mechanical brush in conjunction with

the As2S 3 shield. Because of the disappointing performance of the latter, however,

the decision was made to test the brush concept with the S-13 plate. The final

arrangement for this device is shown in Figure 3-23.

A number of different brush materials were considered for use with the

mechanical brush concept. For practical reasons, however, it wasnecessary
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Table 3-7. DATAFORVIBRATINGPLATETESTRUN

Surface: S-13 coated aluminum
Vibrator: GoodmanV-47
Frequency: i00 cycles/sec
Tilt Angle: 15°

Solar
Simulator

OFF
OFF
OFF
OFF
ON
ON
ON
ON

OFF
OFF
OFF
ON
ON
ON
ON

OFF
OFF
OFF
OFF
ON
ON
ON
ON

OFF
OFF
OFF
ON
ON
ON

Heat
Load

_watts)-grm2

.0234

.0624

.0975

.156

0

.0624

.0975

.156

.0624

•975

.156

0

.0624

.975

.156

.078

.113

.156

.195

.078

.117

.156

•195

S-13

T emp

(°K)

275

337

372

416

275

365

393

431

352

390

438

348

413

437

472

359

390

422

447

415

440

462

482

Test Set-Up

Clean S-13

Coated

Aluminum

Dusted S-13

Coated

Aluminum

Vibrator

Cleaned

First Test

Dust Coverage*

0.0

0.25

0.24

.0975

.125

.156

.0585

.0918

.125

372

395

417

396

419

436

Vibrator Cleaned

Second

Test

0.23

* based on visual inspection
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TEST PLATE

BRUSH

WORM-GEAR DRIVE

BELT

DRIVE MOTOR-

BASE PEDESTAL

• FiSure 3"23. FINAL DESIGN OF MECHANICAL BRUSH AND PLATE DEVICE
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bristle brush,

3.5.5.1 Prreliminary Brush Test. Initial tests under atmospheric condltlons were

carried out with the previously mentioned materials. Of these the cheesecloth

appeared to be the most effective when applied with even pressure to the surface.

Obtaining a uniform pressure with cheesecloth proved quite difficult. As a result

the styrofoam brush which produced more uniform results, and which out performed the

bristle brush, was selected for further testing.

3.5.5.2 Final Brush Test. The test was carried out in the Northrop 12-foot chamber

with wall temperature at 78°K and a chamber pressure of the order of 10-6 torr.

A formed styrofoam brush was swept over the specimen five times (3 sweeps in one

direction and 2 sweeps in the opposite). The results of the test are presented in

Table 3-8. The original test data is provided in Appendix C-5.

Table 3-8.

SOLAR

SIMULATOR

OFF

OFF

ON

ON

OFF

OFF

ON

ON

DATA FOR MECHANICAL BRUSH _]ONCEPT

Surface: S-13 Coated Aluminum

Brush Material : Styrofoam

HEATER

LOAD
(WATTS)

_2_

.0975

.156

.O975

.156

.0975

.156

.0975

.133

*based on visual inspection

S-13

TEMP

(OK)

401

450

445

481

373

417

405

429

TEST SET-UP

DUSTED S-13

BRUSH CLEANED S-13
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3.5.6 Electrostatic Concept

Time and fund restrictions prevented a complete series of tests with the

electrostatic concept. Preliminary testing of the electrostatic removal concept,

however, was conducted. For charging the dust particles, two experiments were

performed. In the first test the dust was sieved and allowed to fall in close

proximity to a charged Van de Graaf sphere (0.304-meter diameter) capable of

potentials in excess of 105 volts. However, the charge leakage in air, both in

the laboratory (50-percent relative humidity) and in the environmental chamber

(30-percent relative humidity), was considerable. The dust particles apparently did

not acquire sufficient charge to produce any effect. No movement was observed

during the fall or in contact with a charged plate (low voltage). Another test

was performed in an attempt to charge the plate (the standard 15.4- by 15.4-cm

aluminum panel) by contact with the Van de Graaf sphere without success. Only

if the dust particles fell directly on the charged Van de Graaf sphere would some

of the fines fly away, apparently repulsed after having acquired a sufficient

charge. Based on the described experimental observations it appeared that a very

high potential is required to charge the basalt particles to the point where they

can be thrown off a charged plate.

3.6 ANALYSIS OF TEST DATA

The test data collected from the dust removal tests covered a wide variety

of conditions involving a large number of experimental parameters. To avoid undue

complexity, analysis of test data was restricted to graphical representation of

data and to comparison of the measured surface temperature of the plate with pre-

dicted plate temperatures, taking into account the degradation of the radiative
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properties of the surface due to dust. This approach also provided a means of com-

paring values of dust coverage based on visual observation with dust coverage (based

on the results of the first phase of the study) necessary to produce the measured

surface temperatures.

3.6.1 Graphical Representation of Data

The use of dimensional plots, provides the simplest way of observing the

general data trends. Figures 3-24 through 3-30 provide such plots for all Calibration

and test runs previously described. Because of plotting limitations, individual

data points are not shown. Instead the curves are drawn through the data points

to indicate the trend of the data and to allow interpolation or extrapolation.

Notice should be taken that some variation in radiant intensity of the solar simula-

tor occurred during test runs. This produces some irregularities in these dimensional

plots• For each test run two sets of curves are available. One corresponds to the

case with the solar simulator turned off and the other with the simulator on. The

general shape of the curves is characteristic of radiating bodies with the emitted

radiation proportional to the fourth power of temperature• It is noted that for

a clean S-13 surface, the presence of solar radiation, corresponding to a lunar noon,

is equivalent to an internal heat load of N0.025 watts/cm 2.

The presence of dust on the S-13 surface, with the solar simulator turned off

(Figures 3-24a through 3-30a), produces a temperature profile only slightly different

from that of a clean surface. This is due to the fact that the infrared emissivity

of basalt dust (0.88) is quite close to that of the S-13 (0.83). Actually the

presence of the dust in small amounts tends to lower the temperature profile. With

increasing amounts of dust, however, an insulating effect occurs which causes the

surface temperature of the plate to increase.
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HEAT LOAD (BTU/HR FT 2)

O

v

500 (

480

460

440

420

4OO

380

360

340

320

3001

280

260

240

220

200

0
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The cleansing effect of the various devices is difficult to determine from

these figures with the solar simulator off because of the small changes in temperature

involved. The temperature profile of the contaminated surface with the solar

simulator on (Figures 3-24b through 3-30b) is significantly higher than the corres-

ponding profile for the clean surface. This difference is the result of the increase

in the solar absorptance of the S-13 due to the presence of the dust. Also with

sizeable amounts of dust coverage the insulating effect already mentioned contributes

to the temperature increase. The relative performance of the various dust removal

concepts is most clearly indicated in the figures with the solar simulator on.

Based on Figures 3-25b through 3-30b, corresponding to a heat load of 0.12 watts/cm 2,

the following table can be constructed=

Table 3-9. PLATE TEMPERATURE AFTER CLEANING BY DUST REMOVAL DEVICES

Device Figure Plate Temperature Heat Load

(OK) (watts)

3- 25b 420 0 .12Jet and Plate

(Frozen Inhibisol )

Jet and Plate

(Liquid Inhibisol)

Jet and Glass Shield

(Liquid Inhibisol)

Jet and As2S 3 Shield

(Liquid Inhibisol)

Vibration Plate

(Second Test)

Mechanical Brush

3-26b

3- 27b

3-28b

3- 29b

3-30b

417

436

426

433

421

Solar Simulator

ON

Based on the results of Table 3-9, which appears representative for the entire

test program, the order of ranking the devices (in terms of minimizing plate temperature)

is as follows=
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i. Jet and Plate (liquid inhibisol)

2. Jet and Plate (frozen inhibisol)

3. Mechanical Brush

4. Jet and As2S 3 Shield (liquid inhibisol)

5. Jet and Glass Shield (liquid inhibisol)

6. Vibrating Plate.

Of special interest is the manner in which the plate temperature varies when

protected by a shield. The presence of the clean glass shield with the solar simulator

on produces a plate temperature profile which is higher (~I9°K) than that produced

by the clean plate without the shield. For the arsenic-trisulfide shield the increase

in plate temperature is ~ 12°K. The fact that the ordinary glass appears to produce

plate temperatures only 7°K hotter than the arsenic trisulfide is somewhat surprising.

For a given increase in dust coverage the shielded (As2S 3) plate displays a smaller

temperature increase than the unshielded plate. This can be seen by comparing plate

temperature after contamination but before cleaning. The trend of the data in this

respect would indicate that with a level of dust coverage above 20 percent the

As2S 3 shielded plate would have a lower temperature than the unshielded plate.

3.6.2 Correlation of Data

The most straightforward correlation of data involves prediction of the surface

temperature of the plate and comparing the predicted values with the experimental

data. In order to predict the surface temperature of the plate a thermal radiation

model must be established.
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In radiation problems of the type under

study, use of electrical circuit analogy as discussed in reference 22 proves

useful. The original concept of such a thermal network was designed to handle

either opaque black or gray bodies. In the present investigation, the absorptance

of the thermal control surface with respect to most of the incoming radiation is

not equal to the emittance of the surface. Likewise, for the tests involving the

arsenic-trisulfide shield, the value of the shield transmittance, absorptance, and

reflectance vary with wavelength. Thus the need arises for developing a network

analogy including non-gray opaque and transparent surfaces. The desired analogy

can be achieved with reasonable accuracy by dividing the electromagnetic spectrum

into two parts: 0 to 2.0_ (solar spectrum) and above 2.0_ (infrared spectrum).

The spectrum is divided at this point because all bodies at temperatures below 500°K

emit less than 0.03 percent of their total thermal radiation below 2.0_.

In constructing the network for each 'spectrum, care must be taken to distinguish

between fixed and floating potential. In the present analysis the Sun (represented

by the solar simulator) and the Universe (represented by the space chamber wall)

are fixed potentials of known value. The plate is a floating potential subjected

to controllable load which is known. The shield is a floating potential.

The thermal network developed in accordance with the preceding disdussion

is presented in Figure 3-31. Notice should be taken that heat conduction effects

within the plate and shield are neglected in the network. By means of this thermal

network, a set of equations can be derived based on the analogy between heat transfer

and electric current. For each node of unknown potential in each network, one

equation exists. In addition there are the heat balance equations at the surface

of the plate and within the shield. Thus there are six linear algebraic equations

as follows:
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Eg(s) " Jgl(s)

Rgl(s)

+ Es,(s) - Jg1(s)+ Ew(s) - Jgl(s)_

Rgs(s) Rgw(s)

--0 (3-z)

E_(r) - J_z(r) +

Rgl (r)

Es(r)- Jgl(r) Ew(r)- J$1(r)

Rgs (s) Rgw(s)

=0 (3-2)

Ep(s) - Jp(s) + Es(s) - Jp(s) +
R R

p(s) ps(s)

Ew(s) - Jp(s) + Eg(s) - Jp(s)

Rpw(s) Rgp(s)4Rg2(s)

--0 (3-3 _)

Ep(r)- Jp(r)

R
p(r)

÷ Es(r) - J_(r) + Ew(r) ....- Jp(r) + Eg(r) - Jp(r) = 0

Rps (r) Rpw (r) Rgp (r )+Rg2 (r)

(3-4)

Ep(s) Jp(s)

Rp(s)

+ Ep(r) - Jp(r) "
- = qp Ap
Rp(r)

(3-53

Eg(s) - J$1(s)

Rgl(s)

+ Eg (s) - JP(S)

Rgp (s)+Rg2 (s)

+ Eg(r)- Jgl(r) + Eg(r) - Jp(r) = 0

Rgl (r) Rgp (r)+Rg2 (r)

(3-6)

where

Rp(s)

Rgl(s) -

Rg2(s) -

Rgp (s) ----

ep(s) Ap

Pgl(s)

Agegl (s) (i- Tg! (s i)

P$2(s)

A T • )
g _g2(s) (I- gl.(s)

Fgp(l- Tgi^g (si)

Rgw(s )

Rpw(s )

Rps (s)

Rgs (s)

i

AgFgw(l-_gi (s))

1

ApFpw Tgl(s)

i

A F
p ps Tgl(s)

i

F (I- _gl )Ag gs (s)

Rp(r)
Pp(r)

ep(r) Ap

R gl(r )

. Pgl (r)

Ae
g gl (r)(l-_gl (r J)

i
R =

gw(r) ag Fgw(l-rgl (s i)

Rpw(r)

i

A F
p pw TgI (r)
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Pg2(r) 1
= Rps(r) ----A F

Rg 2(r) Ageg2 (r)(l- • gl (r)) p ps gl(r)

I I

Rgp(r) - A F (l-_gl(r_)) Rgs(r) = AF (l-Tgl(r))g gp g gs

In the equations the resistance, RX, between Eg(s ) and Eg(r) as shown in Figure 3-31

does not occur explicitly. This resistance is shown in the network only to indicate

a potential difference between Eg(s ) and Eg(r ) and is never calculated.

The values of the radiative properties of the plate and shield, occurring in

the resistances, depend upon the degree of dust coverage (X). For the S-13 plate

this functional dependence can be obtained from Tables 2-4 and 2-9. For the shield

some simple model must be established. In the present analysis, the following

functional relationships between radiative properties of the shield and dust

coverage (X) have been used:

egl(s) = eg(s)(l-X) + ed(s) x

egl(r) = eg(r) (I-X) + ed(r) X

Pgl(s) = Pg(s)(l-X) + Pd(s)X

Pgl(r) = Pg(r)(l-X) + Pd(r) X

T = • (l-x) = T
gl(s) g(s) g2(s)

_gl(r) = Tg(r)(l-X) = Tg2(r)

g2(s) g(s) =d(s) g(s) X

C_ -- Ot + T
g2(r) g(r) _d(r) g(r) X
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Pg2(s) = Pg(s) 4- Pd(s) Tg(s)X

Pg2(r) = Pg(r) + Pd(r) Tg(r)X

These relationships are based on the assumption that the dust is opaque. They

reduce to the uncontaminated values when X = 0, and also satisfy the basic requirement

4- p + r = I. When the value of r is set equal to unity, the resulting equations
g

correspond to the case when the shield is not present.

In equations (3-1) through (3-6), the quantities Es(s), Es(r), Ew(s), Ew(r),

If

and qp have known values. In addition, Eg(s ) and Ep(s) may be set equal to zero

because plate and shield temperature never exceed 500°K. The shape factors may

be calculated in the standard fashion. Thus, there remains six equations in

six unknowns: Ep(r)' Jp(s)' Jp(r)' Eg(r)' Jgl(s)' and Jgl(r)" The equations

can be solved by algebraic manipulation with the following solutions for the

unknowns :

Jgl(s)

(,_Es(s) )

gs(s)

D1
(3-7)

Jp(s)

_ Rps (s)

D2

(3-8)
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Eg(r)

4-

i___s(.r) + D4 (Jl_(s) + Jp(s)
Rgl(r) L _s(r) Rgl(r) - Rgl([) Rgp(s)+Rg2(s)

_R l(r)) 2 D3 D 4 - i_ [R p(r ) 4__Rp._(r _

D6
(3-9)

Es (r__) + D4

Rg l(r) LRgs (r)

• ]J

(_) + J_l(s) 4- p(s)_ )

Rgl(r) gp(r) Kg2(r) Rgl(s) Rgp(s)+Rg2(s) ](3-10)

(Rgl(r)) 2 D3 D4 - i

Ep(r ) = Rp(r ) (qp 4-_ + J2_i_)
Rp(s) Rp(r)

(3-ii)

Jgl(r)

Eg(r) + Es(r)

_ Rgl (r) Rgs (r)

D4
(3-12)

where

D 1
i I i

=-- + +

Rgl (s) Rgs(s) Rgw(s)

i i i

D2=--+--+--
Rp(s) Rps(s) Rpw (s)

D3 = i + _ 1
Rgl(r) Rgp(r) + Rg2(r)

+

Rgp(s) +Rg2(s)

I i i

D4= 4- 4-
Rgl (r) Rgs(r) Rgw(r)

i 1 i

D5 =-------4- _ +--
Rp(r) Rps (r) Rpw(r)

i
+

Rgp(r) + Rg2(r)
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Rp(r)

)2 (R i )
D4(Rgl (r) gp (r)+Rg2 (r)

)2 +
[(Rgl(r) D3 D4 - I] [Rgp(r) Rg2(r) ]

The plate temperature can be calculated based on the Stefan-Boltzmann Law:

E

T = (--_o)
P

E (r +
= ( P ) Ep(s))_;

(7

c- 2#
= " o - (3-13)

For purposes of data correlation, the use of dimensionless variables is useful.

In the present case when the solar simulator is "on" the solutions expressed by

equations (3-7) through (3-12) can be put in dimensionless form simply by dividing

by G s (= E Fgs), the solar constant. Dimensionless plate temperature 8 can thens p

be expressed as

e = (_P-)_
P

S

(3-14)

II

The parameter 8 is a function only of the dimensionless plate heat load, q /G ,
P p s

and the degree of dust coverage, (X).

By means of the preceding equation the dimensionless plate temperature has

been calculated for the various test runs for the case with the solar simulator "on".

11

The results are plotted in terms of 8 versus q /G s for various levels of dustP

contamination in Figures 3-32 through 3-36. Values of the radiative properties of
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the dust, plate, and shield used in developing these figures are provided in

Table 3-10.

Property

Table 3-10. RADIATIVE PROPERTIES OF DUST, PLATE, AND SHIELD

Solar Absorptance

Solar Trans-

mittance

Infrared

Absorptance

Infrared

Transmittance

Basalt

Dust

.84

0

.88

0

Material

S-13 Plate

.191

0

.83

0

As2S 3 Shield

Present

0.516

0.245

•225

.515

Not Present

0

1.0

1.0

This data for Table 3-10 for the basalt dust and the S-13 are based on the

experimental results already reported• The As2S 3 data is based on the manufacturer's

specifications plus preliminary Northrop measurements•

The measured values of temperature expressed in terms of e are also plotted
P

in Figure3-32 through 3-36. Correlation of data for the unshielded tests is

generally good although there appears to be a consistent error for the uncontaminated

plate temperature• This is probably due to a variation in the value of the solar

absorptance of the S-13. For the case of the plate temperature with the arsenic

trisulfide shield, good agreement between measurement and prediction is not in-

dicated. The predicted values are consistently higher than measured values by ~20

percent. More significant is the fact that the measured temperatures display little

or no spread due to dust contamination while the predicted values display a con-

siderable spread• This disagreement between experiment and theory can be attributed

to one of two causes:
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i) The thermal network model may not provide a sufficiently accurate repre-

sentation of the actual physical phenomena.

2) The radiative properties of the shield used in the calculation of pre-

dicted temperature may be inaccurate. (The cracking of the As2S 3

shield during the tests may have resulted in a change in such properties.)

Only further study can establish which is the correct cause.
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SECTION IV

CONCLUSIONS AND RECOMMENDATIONS

The objectives of the research effort have been:

• to determine the effect of dust on radiator surfaces and

• to develop methods for preventing or removing accumulations of dust

from such surfaces.

The details of the results obtained have been provided in Sections II and III.

Based on these results, certain conclusions and recommendations may be formu-

lated.

The presence of basalt dust on either S-13 or aluminized Teflon thermal

control coatings causes a general increase in spectral absorptance of the

surface over all wavelengths in the solar spectrum. This in turn causes an

increase in the total solar absorptance of the surface. The variation of

total solar absorptance with dust contamination is nonlinear in nature. A

relatively small degree of contamination (_10-percent dust coverage) can

produce a large increase in solar absorptance ( "90 percent). With dust

present on the surface, the total solar absorptance of the surface tends to

increase with angle of incidence. In general, if the increase in solar

absorptance of the surface is to remain below 20 percent, the dust contamination

must be kept below "3 percent.

The infrared emittance of the basalt dust is very nearly equal to the

infrared emittance of the thermal control coatings. For this reason dust

contamination produces very little change in the value of this property of the

surface.
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The removal or prevention of dust accumulation on the thermal control surface

under simulated lunar conditions proved to be a difficult task. For the devices

tested, the jet and plate device proved most effective. The jet and shield

device was second with the mechanical brush and vibratory surface devices

third and fourth, respectively. None of the devices proved completely effective.

Because of e_._perimental considerations, the surface area cleaned by each was small.

With respect to specific working fluids or materials, for the jet the

incompressible fluids proved more effective than the compressible fluids.

Of the incompressible fluids tested, methyl chloroform(inhibisol) gave the

best performance. For the shield material the arsenic-trisulfide shield

gave the best results although the ordinary glass plate proved nearly as effective.

For the brush material, the styrofoam proved to be the most promising.

The fact that the presence of the shield caused the plate temperature to

become less sensitive to the level of dust contamination appears significant.

For situations where dust cannot be prevented or removed, the use of a shield

would tend to reduce the increase in plate temperature.

Prediction of plate surface temperature with dust contamination and without

the shield appears to pose no problem provided accurate property data are available

for the surface as a function of dust coverage. For the case involving the plate

covered by the shield with dust on the latter, accurate prediction of plate

temperature is more difficult and deserves further study. In this respect

more accurate and complete values of the radiative properties of the shield

material are desirable.
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In the course of the research effort several new concepts were envisioned

which appeared promising but were not adequately studied due to lack of time

and funds. These included a transpiration cleaning action involving a porous

thermal control coating, and a "peel-off" transparent sheet. These concepts,

along with the electrostatic concept for which complete testing was not accomp-

lished, appear worthy of further study.

The most general conclusion that can be reached based on the data collected

would be that considerable work remains to be done before the optimum dust

removal/prevention system can be established. Furthermore, for each lunar craft

or lunar missions, a specialized dust removal/prevention system may be required.

If, however, dust contamination proves to be a problem in lunar exploration,

this research effort represents an initial step toward the solution of the

problem.
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APPENDIX A

EXPERIMENTAL DATA ASSOCIATED WITH MEASUREMENT OF SURFACE

SPECTRAL ABSORPTANCE OF DUST-CONTAMINATED THERMAL CONTROL COATINGS
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29* 0.64 1.90 0.76 83

30* O_ 62 2 03 O. 78 84
31" 0.60 k2, t5 0.Sa 83

32* 0.59 2.?0 0,90 83

33* 0,57 12.34 0.98 8/+

SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 7-A

I_HOTOMULTIPLI ER DETECTOR

NO . _ DRUM SLIT P S

27* 0.67 11.75 0,74 84

28* 0.65 11.86 0.74 85

29* 0.6a 11 90 0.76 83

30* 0.62 12o03 0°78 86

31" 0.60 12 i5 0.84 86

32* 0°59 12.20 0.90 84

33* 0,57 12.3a 0.98 84

3a 0.56 12./45 1 O0 88

35 0,55 12o49 1.08 85

36 0.53 12.65 1.16 85

37 0.52 12o72 1.24 85

38 O. 50 12o90 to 2a 88

39 o.a9 13.00 I. 30 88
40 0.48 13.10 1 .4a 86
41 0.47 13, 20 i.58 86

42 0.46 13.31 1.70 87

/'3 0.44 13.60 1,_90 84

44 0.43 13.80 2.00 81

#45 0.41 14. 20 2.00 72

#46 0.39 14..58 2_00 37

#4.7 0.37 15.08 2.00 05

#48 !0.34. 16,,02 2,00 04

Ot
so lar

[m=48 ]
+( I-P _)i- ly.(l-pro) + --"

Lm=l m=l m=a'# J

= .239
S

: a8

_ Overlap

# Long Wavelength Filter In Beam
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TR-792-7-207B

7 June 1967

LEAD SULFID

iNTEGRATING

I
NO. X DRUM SLIT ] PS

t 2o45 7.48 2.00 40

2 2,05 8.58 2°00 61
3 1,82 9,05 2.00 61

_4 1.67 q 40 2.00 58

5 1.54 9_65 2.nn 63
6 1.44 9.88 2°00 65

7 }.,30 I(),,I0 1.,74 66

8 t,29 10.23 io52 67
9 1.23 10_33 1,42 67

lO L, 17 lO.Zaa 1.16 67

ii I 12 I0.55 1.12 68

12 i.08 10,63 11.06 69

13 i,oa 0.71 1.02 aR

Ia t.O0 10,83 1.02 69

5 0.96 10.96 0o92 68

16 0,93 II.00 0.86 69

17 0,90 11.08 0o8A 68

18 0.87 11, la 0.80 69

19 0.84 II.20 0.80 68

20 0o81 11,29 0.76 69

21 0.79 11.34 0.74 70

22 0 77 11 aO 0.74 70

23 0.75 1.4_ 0.72 71
2._'-, O. 72 /1,55 0.72 70

25 0,70 1.05 0.70 70
26 0.69 11_69 0.70 71

27 _,,- 0.67 11,75 0.74 70

28 _ 0.65 11.86 0.74 _9
29 _'_ 0.64 11.90 0.76 71

30* 0•62 t2 03 0.78 70

31- 0.60 12. 15 0.84 71

32* 0.59 12.20 0_90 70

33* 0,57 12.34 0.98 67

SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 8

PHOTOMULTIPLI ER DETECTOR

NO. X DRUM SLIT P S

27* 0.67 11.75 0.74 71

28* 0.65 11.86 0.74 70
29* 0.64 1i,,90 0.76 71

30* 0.62 12.03 0.78 72

31" 0.60 12,15 0.84 71

32* 0°59 12.20 0.90 7n

33* 0.57 12.34 0.98 71
34 0.56 12.45 1,00 70

95 0.55 12.49 1.08 71

36 0.53 12.65 [. 16 67

37 0.52 12o72 1.24 68

38 0.50 12o90 i.24 70

39 0.49 13.OO 1.30 70
40 0.48 13.10 1.44 70
41 0,47 13o20 1.58 69
42 0.46 13.31 1.70 ;69

43 0.44 13.60 1.90 i66
44 0.43 13.80 2.00 65

!445 0.41 la 20 2.00 58

446 0.39 14.58 2_00 i32

#47 0.37 15.08 2.00 06
[#48 0,34 16,02 2.00 06

(%
solar

[m48 ]
•+( I-P_,)J= ]_(l-Pm) + ..

Lm=l m=l m=/'_ J

(% = .360
s

- 48

_ Overlap

# Long Wavelength Filter In Beam
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TR-792-7-207B

7 June 1967

INTEGRATING SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 9

LEAD SULFIDE DETECTOR

NO. X DRUM SLIT PS

t 2.45 7.48 2.00 38

2 2_05 8.58 2°00 52
I,82 9.05 2.00 49

4 1.67 9440 2.00 48

5 1.54 9 65 2.00 53

6 [.44 9°88 2°00 53

7 Lo36 I0.i0 1.74 53

8 io29 i0.23 Io52 54

g 1,23 I0,33 I_42 _A

J 0 1, 17 10.44 i. 16 54

it 1o 12 I0.55 1.12 55

[2 1.08 10.63 1.06 55

13 1.04 0.71 1.02 55

_a t.oo _0,83 1,,02 _
15 0.96 10.96 0o92 55
16 0.93 11.00 0.86 55

17 0°90 11.08 0084 55
i18 0.87 11.ia 0.80 55
19 0.84:11.20 0.80 56
20 0.81 11.29 0.76 56

21 0.79 1.1.34 0.74 56

22 0 77 ii a0 0.74 56

2} 0.75 11.46 0.72 57

2'-, i0.72 ][_.55 0.72 _57
25 1O.7O L.65 0.70 56
26 10.69 I_69 0.70 56

27_ 0.67 1.75 0.74 56
28 _ 0.65 1.86 0.74 56

29* O. 64 1.90 0.76 56

30* 0oi62 2 03 0.78 56
_J_¢ 0,60 .2, 15 0,84 55

-32* 0.59 2.20 O_qO 55

33* O, 57 12.34 0.98 55

PHOTOMULTIPLIER DETECTOR

NO . k DRUM SLIT P S

27* 0.67 11.75 0.74 57

28* 0.65 11o86 0.74 56

29* 0 •64 1l,90 0 • 76 56

30* 0.62 12oO3 0°78 55

31" 0.60 12o15 0.84 _

32* 0o59 12.20 0.90 55

33* 0-57 12. 34 0.98 55

34 0.56 12.45 1,,00 55

35 0, 55 12.49 1,08 55

36 0.53 12.65 1.16 55

37 0.52 12o72 1.24 54

38 0.50 12o90 i. 24 _a

39 0.49 13.on 1.3o 54

40 0.48 13.10 1.44 52

41 0,47 13020 1.58 _9
42 0.46 13.31 1.70 51

43 O. 44 I.3.60 1,90 51

44 0.43 13.80 2.00 49

_#45 !0,41 1420 2.00 42

#46 0.39 14.58 2_00 24

#A7 0.37 15.08 2.00 07

#48 0 34 16o02 2.00 05

Fm=48 .+( I-P_)_
= J )_(1-Pm) + ..

C_s°iar km__l m=l m=L'_J

= .490
s

: 48

'_' Overlap

# Long Wavelength Filter In Beam
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TR-7 2-7-207B

7 June 1967

IN TEGRATING

LEAD SULFIDE DETECTOR

NO. k DRUM SLIT 0 S

I 2,a5 7.48 2.00 33

2 2.05 8.58 2_0Q 47
3 I,82 q_05 2.00 41

1.67 q a0 2.00 39

5 1.5q q_65 2.NO 42

6 1.4a 9°88 200 42

7 1- 36 l!),i0 I° 7a 42

8 I_29 [0.23 io52 42

9 1,23 10.33 l.a2 42

i0 :L_17 10.aa 1.16 42

11 1_12 i0.55 1.12 43

12 1.08 10.63 :1.06 43

13 l.oa 10.71 1.02 42
14 1.00:10.83 1.02 42

15 10.96:10.96 0,92 42
16 0,q3 11.00 0.86 42

:[7 0,90 11.08 0°84 43

:[8 0.87 iil,,la 0.80 43

[9 0.84 i11.20 0.80 44
20 0_81 11.29 0,76 43

21 0.79 _I.34 0.74 44

22 0 77 _i _0 0.74 43

23 0,75 1.46 0.72 43
[2q 0.72 1.55 0.72 43

25 0,70 1.65 0.70 43

26 0,69 1,69 0,70 43

27* 0.67 1,75 0.74 43

28* 0.65 1.86 0.74 42

29 _ 0.6a 1.90 O. 76 43

30* 0°62 203 0.78 42

31_._ 0.60 2.15 0.84 4_
-32* 0.59 2.20 0.90 42

33* O. 57 12.34 0.98 42

SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 14

PHOTOMULTIPLI ER DETECTOR

NO. k DRUM SLIT O S

27* 0.67 11.75 0.74 43

28* 0_65 11.86 0.74 43

29* 0.64 ]i,90 0.76 43

30* 0.62 12o03 0.78 41

31. 0.60 12.15 0.84 42

32* 0_59 12.20 0.90 42

33* 0.57 12.34 0.9_ 42
34 0.56 12.45 1 00 42

35 0.55 12.49 1.08 A_

36 0..53 12.65 1.16 41

37 0..52 12o72 1.24 41

38 0.50 12o90 io2a 41

39 0.49 13.00 1.30 41
40 0.48 13.10 1.44 40

41 0.47 13,,20 1.58 39
42 0.46 13.31 1.70 40

43 0.44 13.60 loq0 38
44 0.43 13.80 2.00 38

_45 0.41 14.,20 2.00 33

_46 0.39 14.58 2°00 21

#47 0.37 15.08 2.00 08

#48 0.34 16,,02 2.00 02

(%
solar

[m=48 1
...+(1-P_H"= I _(1-Om) +

D:I m:l m----a'_J

= .603
S

a8

Overlap

# Long Wavelength Filter In Beam
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TR-792-7-207B

7 June 1967

INTEGRATING SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 14

NO.

LEAD SULFIDE DETECTOR

% DRUM SLIT I OS

m

I 2.45 7.48 2.00 46

2 2,05 8.58 2000 65
3 1,82 9,05 2.00 64

4 1.67 9 40 2.00 61

5 1.54 q 65 2.on 66

6 [.4L_ I 9.88 2°00 68

7 I_36 ilO. i0 I,_74 68

8 i 29 ![0.23 1o52 70

9 1.23 !10o33 1.42 70

_,[0 It 17 lO./,a i.16 69

11 1 12 10.55 1.12 70

[2 1.08 10.63 1.06 71

13 1.04 10.71 I_O2 72

la t.OO 10o83 1,,02 71
5 0.96 i0.96 0o92 72

!6 0,93 II.00 0.86 72

17 0_90 11.08 0o$4 73
it8 0.87 I1. la 0.80 73

19 0.84 11.20 0.80 74
20 0,81 11.29 0,76 73

2i 0.79 11.34 0.74 73

22 0 77 11 '_0 0.74 74
23 0.75 1.46 0.72 74

25 0. 72 I. 55 0,72 75

25 0.70 t.65 0.70 75

26 0.69 [I 69 0.70 75

27- 0.67 [1.75 0. 74 74

28"_ 0.65 ti.86 0.74 75

29* 0.64 [1.90 0.76 73

rj0* 0r62 2 03 0.78 73

31 _.' 0.60 [2.[5 0.84 72

32* 0.59 2.20 0_90 75

33* 0.57 12.34. 0.98 74-

PHOTOMULTI PLIER DETECTOR

NO. _ DRUM SLIT O S

27* 0.6,7 11.75 0.74 75

28* 0_65 ii.86 0.74 75
29* 0.64 11,,90 0,70 75

30* 0.62 12o03 0.78 75

31" 0.60 12o15 0.84 74

32* 0°59 12.20 0.90 75

33* 0.57 12.34 0.98 76
34 O. 56 112.45 IO0 77
35 0.55 12.4q I_08 76

36 O. 53 12.65 [. 16 76

37 0.52 12o72 1.24 75

38 O, 50 12,90 I. 2a 75

39 0.49 13.00 1 -30 74

40 0.48 13.10 1 .44 74
41 0.47 13,, 20 1.58 73

42 0.46 13.31 1.70 73

43 0.44 13.60 1 ,90 72

44 O. 43 13.80 2.O0 69

#45 0.41 14 20 2.00 61

{_46 O. 39 14.58 2,O0 34

#47 0.37 15.08 2.00 07
#48 0.3A 16,,02 2.00 05

m=48 I
= +(1-_ )I_(1-Pm) + ...

_solar Lm=l m=t m=A_

a = .321
s

" 48

x Overlap

# Long Wavelength Filter In Beam
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TR-792-7-207B

7 June 1967

LEAD

NO. A DRUM

INTEGRATING

SLIT ] OS

[ 2.45 7.48 2.00 30

2 2,05 8.58 2o00 40
3 1.82 9.05 2.00 39

4 !.67 9,,40 2.00 37

5 ].54 9_65 2.00 40

6 1,44 9o88 2_00 40

7 1_36 0.10 l,,7q 40
8 i_29 [0.23 Io52 41

9 1,23 0033 1,42 41

10 [,17 0.aa 1.16 40

11 1_12 [0.55 1.12 41

12 1.08 [0.63 i[.06 41

13 I.Oa 10.71 1.02 41

14 t.O0 [10,83 1.02 41

15 0.96 [[0.96 0,92 41

16 0,93 _tl.O0 0.86 4l
:17 0o90 111.08 0°84 42

18 0.87 _11ola 0.80 41

19 0.84 i[1.20 0.80 43
20 0,81 11,29 0,76 42

21 0.79 11.34 0.74 45

22 0 77 [I,40 0. 74 42

23 0.75 11.46 0.72 43

2'-, 0.72 [1.55 0,72 42

25 O, 70 LI.65 0.70 4_

26 0.69 I[o69 0.7Q 43

2? ._: 0.67 11.75 0.74 A_

28_' 0.65 I[.86 0.74 42

29* 0.6a 11.90 0.76 43

30 _._ 0°62 t2 03 0.78 43

3]_, 0.60 L2.15 0,84 43
32* 0.59 12.20 0,90 42

33* 0.57 12.34 0.98 42

SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 15

PHOTOMULTI PLI ER DETECTOR

NO . A DRUM SLIT O S

27* 0.67 11.75 0.74 42

28* 0°65 11_86 0.74 42
29* 0.64 11,90 0.76 42

30* 0.62 12o03 0,78 41

31" 0.60 12o15 0.84 41

32* 0°59 12.20 0.90 41

33* 0.57 12.34 0.98 41

34 0.56 12.45 I O0 41

35 O. 55 12.49 1.08 &1

36 O. 53 12.6.5 I. 16 41

37 0.52 12o72 1.24 40

38 0.50 12 90 1.2q 40
39 n.a9 13.00 1.30 40

40 0.48 13.10 i_44 _9

41 0.47 13o20 i,$8 39

42 0.46 13.31 1.70 38
43 0o44 13.60 io90 138

4A 0.43 13.80 2.00 36

_45 0.41 14 20 2.00 33

_46 0.39 14.58 2_00 20

#47 0.37 15.08 2.00 09
#48 0.34 16o02 2.00 07

solar

rm:48 ]
+( 1-p _ H= J_(1-Pm) + ... "

Lm=l m=l m--L'_ J

= .625
s

48

Overlap

# Long Wavelength Filter In Beam
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TR-792-7-207B
7 June 1967

INTEGRATING

LEADSULFIDEDETECTOR

NO. % DRUM SLIT PS

L 2,a5 7.a8 2.00 45

2 2,05 8,58 2°00 69
? t,82 9,05 2.0O 68

4 1,87 9440 2.00 65

5 1.54 9r65 2.00 73

1.4a 9°88 2.00 73
7 1.3_ [10,10 1,74 75

8 i_29 [10.23 _052 76

9 1.23 [0.33 1,42 76

10 1o17 10.aa I.]6 76

11 I_ 12 [0.55 1.12 78

12 1.08 [0.63 1.06 79

13 l.Oa 10.71 1.02 7Q
14 1.00 10o83 1.02 79
15 0.96 L0.96 0°92 79
16 0.93 tl.O0 0.86 79

17 0.90 ti.08 0.84 80

18 0.87 l.la 0.80 81

19 0.84 L1.20 0.80 82

20 0_81 [1.29 0,76 R?

21 0.79 [1.34 0.74 82

22 0 77 LI_0 0.74 84

23 0.75 [.46 0.72 83

2& 0.72 [1,55 0.72 83

25 0.70 [,.65 0.70 R_

26 0.69 llo69 0.70 84

27_ 0,67 LI.75 Q.74 s_

28 _ 0.65 [1.86 0.74 83

29 _ 0.64 L].90 0.76 82

30* 0_62 2 03 0.78 84
31" 0.60 t2.15 0,8a 84

_2" 0.50 t2.?O 0.90 83

33* 0,57 12.34 0.98 84

SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 15

PHOTOMULTIPLIER DETECTOR

NO. % DRUM SLIT PS

27* 0.67 11.75 0.74 83

28* 0.65 11.86 0.74 84

29* 0,64 11_90 0.76 84

30* 0.62 12.03 0.78 86

$i* 0.60 12_15 0.84 84

$2" 0°59 12.20 0.90 _4

33* 0_57 12.34 0.98 84
34 0.56 12.45 ] 00 87

_5 0,55 12.49 1.08 85

36 0..53 12.65 1.16 84

37 0.52 12o72 1.24 84

38 0.50 12o90 t.2a RA
39 !O.a9 13.00 1.30 85
40 0.48 13.10 1.44 84

41 0.47 13.20 1.58 83

42 0.46 13.31 1.70 84

43 0.44 13.60 io90 81
44 0.43 13.80 2.00 78

_45 0.41 14,,20 2,00 70
_46 0.39 14.58 2000 a_

#47 0.37 15.08 2.00 06

#48 O.3A 16.02 2.00 04

m=48 3
--- J[(1-Pm) -t- ...'i-(1-P')J"

as°far Lm=1 m=l m="_J

= .246
s

48

Overlap

# Long Wavelength Filter In Beam
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TR-792-7-207B
7 June 1967

INTEGRATING SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 16

LEAD SULFIDE DETECTOR

NO. _ DRUM SLIT PS

1 2._5 7.48 2.00 19

2 2.05 8.58 2°00 21
3 1o82 q_05 2.00 21

4 !.67 9.,40 2.00 20

5 1.54 9_65 2.OO 21

6 1.44 9.88 2.00 20

] 1o36 Iio.1o i. 74 21

t_29 !10.23 Io 52 211.23 [0.33 I_42 91

I0 [_17 10.aa 1.]6 21

i] I_12 [0.55 1.12 22

12 i.08 i0.63 :1.06 21

13 1.04 ti0.71 1.02 22
la 1.00 10_83 1,02 22

15 0.96 [0.96 0°92 22
16 0.93 Ll.O0 0.86 22

17 0,90 [I.08 0°84 22
18 0.87 lola 0.80 22

19 0.84 1.20 0.80 23

20 0.81 [1.29 0.76 23

21 0.79 [1.34 0.74 23

22 0,77 140 0.74 23

2? 0.75 1.46 0.72 9_

2_ 0.72 1.55 0.72 23

25 Q.7Q L.65 0.70 23
26 0.69 I_69 0.70 29

27_ 0.67 L1.75 0.74 22

28* 0.65 1.86 0.74 22

29* 0.64 1.90 0.76 22

30* 0_62 2 03 0.78 22
31" 0.60 2.15 0.84 22

_2" 0.59 2.20 0_90 22

33* 0_57 12.34 0.98 22

PHOTOMULTIPLIER DETECTOR

NO . )t DRUM SLIT P S

27* 0.67 11.75 0.74 22

28* 0.65 11.86 0.74 22
29* 0,64 11,90 0.76 22
30* 0.62 12o03 0.78 22

31- 0.60 12.15 0.84 99

32* 0°59 12.20 0.90 99

33* 0°57 _2.34 0.98 2I
34 0.56 12.45 1 O0 21
35 0.55 12.49 1.08 91

36 0.53 12.65 1.16 21

37 0.52 12o72 1,24 21
38 0.50 12.90 1.24 21

3q O.4q 13.00 1.30 90

40 0.48 13.10 1.4A 20
41 0.47 13.20 1.58 20

42 0.46 13.31 1.70 20

43 0.44 _3.6Q _90 19

44 0.43 13.80 2.00 19

_45 0.41 14:,20 2.00 17

#46 0.39 14.58 2°00 1_

#47 0.37 15.08 2.00 09
#48 10.34 16o02 2.00 08

asolar

_m=48 7
= I[(l-Pm) + ...+(L-P_)I

Lm:l m=l m--a'_J

= .795
s

- 48

'_ Overlap

# Long Wavelength Filter In Beam
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TR-792-7-207B
7 June 1967

INTEGRATING SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 19

NO.

LEAD SULFID_ DETECTOR

% DRUM SLIT PS

l 2.a5 7.a8 2.00 26

2 2,05 8,58 2o00 35
3 1,82 9.05 2.00 35
a 1.67 q,aO 2.00 34

5 1 I 54 9 _65 ,2.on 37

6 1.44 9.88 2,00 37

7 L_36 [0.10 1.7a $7
8 1o29 10.23 1o52 37
9 1.23 110.33 t,a2 38

lO [ _ 17 lO.a4 1.16 38

11 1:12 10.55 1.12 39

12 1.08 10.63 1.06 39
13 1.04 o.71 t.o2 39

14 1.00 i0,83 1,,02 40

15 0.96 10.96 0°92 40
16 0,93 Ii.00 0.86 40

17 0_90 11.08 0°84 41

,18 0.87 Llola 0.80 40
19 0.84 1i.20 0.80 41

20 0°81 ii.29 0,76 41

21 0.79 11.34 0.74 41

22 O_ 77 11, aO 0.74 41

23 0.75 t.46 0.72 4.1

2'_ 0.72 tl.55 0.72 41

25 0,70 [i,_5 0.70 41

26 0.69 [[,69 0.70 43
27 '_ 0,67 [1.75 Q.74 42
28_ 0.65 [1.86 0.74 42

29* 0.6a [i.90 0.76 41

30* 0 62 1_2 03 O. 78 42
31" 0.60 t2.15 0.84 41

-_2" 0.59 t2.20 0,90 41

33* O_ 57 12.34 0.98 43

PHOTOMULTIPLIER DETECTOR

NO . _ DRUM SLIT P S

27* 0.67 11.75 0.74 42

28* 0.65 11.86 0.7a 41

29* 0.64 11,90 0.76 42

30* 0.62 12,03 0°78 42

31" 0.60 12,15 0.84 42

32* 0°59 12.20 O.90 42

33* 0.57 12.34 0.98 4.2

34 0.56 12.45 1,,00 42
35 0.55 12.49 1,08 43

36 0.53 12.65 11.16 42

37 0.52 12o72 1.24 42

38 0.50 12_90 t.2a 41

39 0.49 13.00 1.30 41

aO 0.48 13.10 1.44 40

41 0.47 13.20 1.58 4.0
42 0.46 13.31 1.70 40

43 0_44 13.60 io90 40

44 0.43 13.80 2.00 39

#45 0.41 14_20 2.00 36

_46 0.39 14.58 2_00 20

#47 0.37 15.08 2.00 09

#48 0.34 16o02 2.00 06

Fm=48 ]
= I_(l-Om) + ...+(I'P_)I

C_solar [m=l m= I m=a_ j

= .614
s

-- a8

_: Overlap

# Long Wavelength Filter In Beam
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TR-792-7-207B
7 June 1967

LEAD

INTEGRATING

NO. 1 DRUM SLIT OS

I 2.45 7.48 2.00 19

2 2°05 8.58 2°00 22
3 i 82 g.05 2.00 22

1.67 0,,40 2.00 20

,5 1,54 9 65 2.On 22

6 1.44 9,88 2_oo 22

7 1,36 10.10 l,,7a 22

8 io29 10.23 1,,52 79
9 1,23 10o33 i[,42 22

10 [o17 lO.a& 1.16 23
ii I_12 10.55 1.12 23

[2 1.08 10.63 11.06 24
13 1.04 0.71 1.02 23

14 t.O0 10,83 1o02 23
15 0.96 10.96 0,92 23
16 0,93 11.00 0.86 23

17 0,90 11.08 0°84 24
18 !0.87 ll_la 0.80 24

19 0.84 11.20 0.80 24
20 0.81[ 11.29 0,76 24

21 0.79 _1.34 0.74 24

22 0 77 _laO 0.74 2&
23 0,7_ 1.46 0.72 24

2_ 0.72 1,55 0.72 24

25 0.70 1.65 0.70 25

26 0.69 lo69 0,70 25
27_ 0.67 1.75 0.74 9_

28 _ 0.65 1.86 0.74 25

29_ 0.64 1.90 0.76 24

30" 0_62 2 03 0.78 25
31" 0.60 L2.15 0.84 24

_2" 0.59 [2.20 0,90 2_

33* 0_57 12.3a 0.98 24

SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 20

PHOTOMULTIPLIER DETECTOR

NO. _ DRUM SLIT OS

27* 0.67 i1.75 0.74 24
28* 0.65 11.86 0.74 2'4

29* 0,64 11,,90 0.76 24
30* 0.62 i2o03 0.78 24

31" 0.60 12,15 0.84 23

32* 0o59 12.20 0.90 23

33* 0.57 12.34 0.98 24
34 0.56 12.45 1.00 23

350.55 I2.49 1.08 24

36 0..53 12.65 1.16 23

37 0.52 12o72 1.24 23
38 0.50 12o90 t.24 23
39 0.a9 13.00 1.30 22
40 0.48 13.10 1.44 99

41 0.47 13.20 1.58 22

42 0.46 13.31 1.70 22

43 0.44 _3.60 i°90 21

44 0.43 13.80 2.00 22

_45 0,41 14o20 2,00 20

_46 0.39 14.58 2°00 15

#47 0.37 15.08 2.00 i0

#48 0.34 16.02 2.00 09

fm=48 ]
= lY(l-Pm) + ...+(i-0_

solar I_-Lm:l m=l m=a_l

c_ = .778
S

48

Overlap

# Long Wavelength Filter In Beam
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TR-792-7-207B
7 June 1967

INTEGRATING

LEAD SULFIDE DETECTOR

O
NO. 1 DRUM SLI T S

1 2,45 7.48 2.00 26

2 2.05 8.58 2o00 32
3 t,82 9,05 2.00 32

4 1.67 9.,40 2.00 30

5 1.54 9_65 2-Oo 32

6 [,44 9_88 2.00 32

7 1.36 Ito.to l+74 32
8 t029 I[0.23 Io52 _9

9 1.23 [I0o33 1,42 _2

I0 It,17 I0.aA i. 16 32

11 I, 12 [0.55 1.12 32

12 L.08 [0.63 11.06 32

13 1.04 0.71 1-02 32

/4 t.O0 0.83 1.02 ".19
_5 0.96 [0.96 0°92 31
16 0,93 11.00 0.86 32
17 0,,90 11.08 0°84 31

18 0.87 [lola 0.80 32

lq 0.84 11.20 0.80 32
20 0o81 11,29 0.76 _1

21 0.79 11.34 0.74 32

22 0_ 77 ii a0 0.74 3P

2} 0.75 [I.46 0.72 31

2z, 0.72 1_1.55 0.72 33

25 i0,70 it..65 0.70 32
26 0.69 ].o69 0.70 31

[ 27_ 0.67 1.75 0.74 q9
28. 0.651.86 o.,4 31
29* 0.64 1.90 0.76 32

30* 0_62 2 03 0.78 31

31" 0.60 ,2.15 0.84 30
"32* O. 59 2.20 0,. 90 31

33* 0 _ 57 12. 34 O. 98 29

SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 21

pHOTOMIILTIPLI ER DETECTOR

NO. 1 DRUM SLIT P S

27* 0.67 11.75 0.74 31

28* 0.65 11.86 0.74 31

29* 0.64 11,90 0.76 31

30* 0.62 12o03 0.78 ':tO

31" 0.60 12.,I.5 0.84 _n I

32* 0°59 12.20 0.90 31

33* 0o57 12.34 0.98 30
34 O. 56 12.45 1.00 30

35 0.55 12.49 1.08 _n
--T

36 0.53 12.65 I. 16 30

37 0.52 12o72 1.24 29

38 0.50 12.90 1.24 28

39 o.a9 13.00 1.30 28

40 0.48 13. lO 1.44 28
41 i0.47 13.20 1.58 27
42 10.46 13.31 1.70 27

43 0.44 _. 60 1.90 26
44 0.43 13.80 2.00 26

#45 0,41 14 20 2.00 9"_
#46 O. 39 14. 58 2_00 16

#A7 0.37 15.08 2.00 I0

!#48o> 16o022o0 o9

rm=48 .. )1
= I_(I-P m) + .+(I-P_ "-C_

solar i_--Lm:lm=l m=L' J

a = .707
S

a8

_ Over lap

# Long Wavelength Filter In Beam
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TR-792=7=207B

7 June 1967

NO.

LEAD

INTEGRATING

SUIFIDE DETECTOR

DRUM SLI T pS

2.a5 7.48 2.00 44

2 2,05 8,58 2°00 64

3 it,82 9,05 2.00 63

!.67 9 40 2.00 60

5 1.54 9 o65 2. Of} 67

0 t.4a 9°88 2_00 68

7 l_ ]6 [0. i0 io 74 68

8 io29 1Q.23 Io52 7_
9 1.23 10o33 1,42 70

10 I_ 17 10.aa i. 16 6q

iI i_ 12 i0.55 I. 12 71

L2 [.08 10,63 11.06 72
1.3 1.04 10.71 I.n2 -79

14 1.00 ]0°83 1.02 71

5 0.96 [10,96 0o92 71
16 0.93 t.oo 0.86 72
17 0o90 1.08 0°84 73

18 0.87 Llola 0.80 73

19 0.84 LI.20 0.80 74

20 0_81 [1.29 0.76 73

21 0.79 11.34 0.74 73

_22 0 77 1 40 0.74 72

23 0.75 [.46 0.72 75

2_ 0.72 [1.55 0,72 76

25 0,70 1.65 0.70 75

26 0.69 [[_69 Q,70 75

27_ 0.67 1.75 Q.74 74

28_ 0.65 1.86 0.74 75

29* 0.64 [1.90 0.76 72

30* 0_62 L2 03 0.78 73

31.* 0.60 t2.t5 0.84 73

32* 0.59 [2.20 0_90 75

33* 0_57 12.34 0.98 73

SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 21

PHOTOMULTIPLIER DETECTOR

NO . _ DRUM SLIT P S

27* 0.67 11.75 0.7a 74

28* 0.65 11.86 0.74 74

29* 0,_4 )1,,90 0.76 75

30* 0.62 12.03 0.78 74

31" 0.60 12_15 0.84 7,4

_2- 0°59 12.20 0.90 74

33* 0o57 12.34 0.98 75
B4 O. 56 12.45 1.00 7_

$5 0.55 12.49 1.08 75

36 0. 53 12.65 I. 16 74

37 0.52 12o72 1.24 74

58 0.50 12_90 1.24 7_I

39 0.49 13.00 1.30 7"4
40 0.48 13.10 1.44 71

41 0.47 13.20 1.58 71

42 0.46 13.31 I..70 70

43 0.44 13.60 i_90 6_

44 0.43 13.80 2.00 66

{_45 0.41 IA_, 20 2.00 58

¢#46 O. 39 14.58 2o00 32

#47 0.37 15.08 2.00 07
#48 0.3/. 16o02 2.00 05

rm:48
...+(1-p_,,_ _l

= 12 (l-Pm) +

asolar Lm=l m--1 m=L'_J

= .330
s

÷ 48

_ Overlap

# Long Wavelength Filter In Beam
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TR-792-7-207B
7 June 1967

INTEGRATING SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 22

LEAD SULFIDE DETECTOR

NO. _ DRUM SLIT OS

PHOTOMULTIPLTER DETECTOR

NO. % DRUM SLIT OS

1 2.&5 7.48 2.00 1S

2 2.05 8,58 2.00 16
3 1.82 q,05 2.00 16

4 1.67 g,40 2.00 16

5 1.54 9°65 2.00 1_

1.44 9_88 2.00 16

7 1,36 ]0.[0 1,74 15

8 1029 [0.23 Io52 15

9 1,23 10o33 I_42 16

10 I_17 10.44 1.16 15

11 I_12 10.55 1.12 la

[2 1,08 i0,63 1.06 15
1.3 ]. 0 4 1o. 71 I. o 2 1

14 [.00 10o83 1o02 15

15 0.96 _0.96 0°92 16
16 0,93 ii.00 0.86 16

17 0°90 _I.08 0o_4 16

18 0.87 _lola 0.80 16

19 0.84 11.20 0.80 17

20 0.81 _1.29 0,76 16

21 0.79 _1.34 0.74 16

22 0,77 #l,a0 0.74 16

23 0.75 1.46 0.72 16

2_ 0.72 1.55 Q.72 16

25 0.70 1.65 0.70 16

26 0.69 1_69 0.70 16

27_ 0.67 1.75 0.74 16

28 _ 0.65 1.86 0.74 16

29* 0.64 1.90 0.76 16

30* 10,62 2 03 0.78 16

3]* 10.60 2.15 0.84 16

32* 0.59 2.20 0,,90 16

33* 0,57 12.34 0.98 16

27* 0.67 11,75 0.74 15

28* 0.65 11.86 0.74 16

29* 0,64 11o90 0.76 16

30* 0.62 12.03 0.78 16

31" 0.60 12.,15 0.84 I_

_2- 0,$9 12.20 0.90 16

33* 0_57 12..34 0.98 16
34 0.56 12.45 100 16

3} 0,55 12.49 1.08 15

36 0.53 12.65 1.16 15

37 0.52 12o72 1.24 15

38 0.50 12_90 [.24 15

39 0.49 13.00 1.30 IA

AO 0.48 13.10 1.44 14

41 0.47 13,20 1.58 14

42 0.46 13.31 1.70 13

43 0.44 13.60 1,90 13

44 0.43 13.80 2.00 I_

_45 0.41 14_20 2.00 12
#46 0.39 14.58 2_00 12

#47 0.37 15.08 2.00 i0

#48 0.3A 16=02 2.00 i0

solar

_m=48

= I _(l-Pm)

[m=l m=l

= . 848
s

_ Overlap

# Long Wavelength Filter In Beam
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TR-792-7-207B
7 June 1967

INTEGRATING SPHERE PROGRA_IMED "WORK SHEET

SAMPLE NO. 29

NO.

LEAD SULFIDE DETECTOR

X DRUM SLIT

PHO TOMIILT IP L]ER

0 S NO • X DRUM

i 2.45 7.48 2.00 47

2 2.05 8.5_ 2o00 70
3 1,82 g.05 2.00 69

4 1.67 9,40 2.00 66

$ ] .54 9r65 2.O0 74

(_ 1.44 9.88 Z.0o 75

7 1,36 Ii0.i0 Io74 76

8 [_29 !10.23 io52 7R

9 1.23 0.33 1,42 79

[0 Io17 0.44 i.]6 79

11 I_12 [0.55 1.12 80

12 1.08 L0.63 1.06 82

13 i .o4 o. 71 I ,02 g9
Ia L.00 0,83 1.02 83

15 0.96 [0.96 0o92 RA
16 0.93 [i.00 0.86 83

17 0,,90 [i.08 0o84 84
18 0.87 lola 0.80 86

19 0.84 LI.20 0.80 85

20 0.81 [1.29 0.76 85

21 0.79 1.34 0.74 86

22 O_ 77 [l_a0 0.74 87

23 0.75 1.46 0.72 87

2', 0.72 1.55 0.7? 88

25 0.70 _,,65 0.70 88
26 0.69 1,69 0,70 n.q
27 .o.: 0.67 [1.75 0.74 89

28_;" 0.65 [1.86 0.74 88
29_" 0.64 [1.90 0.76 89

30_: 0_62 [2 03 0.78 88
31 _ 0.60 [2. 15 0.84 88
32* 0.59 [2.20 O,_qO 91

33* O, 57 12.3_ 0.98 89

DETECTOR

SLIT PS

27* 0.67 11.75 0.74 88

28* 0.65 11.86 0.74 88

29* 0.64 Ii_90 0.76 Ro

30* 0.62 12.03 0.78 89

31- 0.60 12.15 0.84 89

32- 0°59 12.20 0.90 oi

33* 0.57 12.34 0.98 91

34 0.56 12.45 1.00 90

35 Q,55 12.49 1.08 90

36 0.53 12.65 [.16 92

37 0.52 12_72 1.24 92

38 0.50 12_90 i.24 92

39 _0.49 13.00 1.30 92
40 0.4a 13.10 1.44 94

41 0.47 13.20 1.58 qA

42 0.46 13.31 1.70 93

43 0.44 13.60 $o90 91

44 0.43 13.80 2.00 90

#45 0.41 1420 2000 78

#46 0.39 14.58 2°00 40

#47 0.37 15.08 2.00 05

#48 0.3A 16_02 2.00 104

Fm=48

= l [(l-Pm)

[m=l m=l

c_
solar

+

a = .201
s

48

_ Overlap

# Long Wavelength Filter In Beam
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TR-792-7-207B
7 June 1967

INTEGRATING

LEAD

NO. _ DRUM SLIT 9S

t 2,.a5 7.a8 2.00 42
_- 2 2,05 8.58 2_00 60

1,82 9,05 2,00 59

g !.67 9,,40 2.00 56

5 1.54 9_65 2.oo 49

6 1,44 9.88 2.00 63

1 I,36 O,lO 1.74 63

8 1o 29 [0.23 io52 65

9 1,23 0°33 1,a2 65

10 [,17 lO.aa 1.16 64

11 1 12 0.55 1.12 66

[2 [.08 [0.63 1.06 66

13 1.04 0.71 1.02 66

ta [.00 t0,83 1.02 66

J.5 0.96 [0.96 0o92 67
16 I0,93 1.00 0.86 67
17 0 90 1.08 0o84 66

18 0.87 iola 0.80 68

19 0.84 1.20 0.80 68

20 0o81 LI.29 0.76 58

21 !o.79 1.34 o.z4 67
22 O_ 77 I a0 0,74 67

23 0.75 1.46 0.72 68

2'-, O. 72 1,55 0,72 61R

25 ]0.70 1.65 0.70 68

26 0.69 i_69 Q.70 65

27* 0,67 1.75 0,74 6q
28 _ 0.65 1.86 0.74 67

29* 0.64 1.90 0.76 67

30* 0_62 2 03 0.78 66
31" 0.60 .2.15 0,84 67

[-32* !o.59 .,2,.2o o,9o _r
33* 0,57 I12.3a 0.g8 67

SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 30

PHOTOMULTIPLIER DETECTOR

NO. _ DRUM SLIT 0 S

27* 0.67 11.75 0.74 67

28* 0.65 11.86 0.74 6R

29* 0.64 11o90 0,7_ 67

30* 0.62 12o03 0.78 67

31" 0.60 12.15 0.84 67

32* 0,59 12.20 0.90 66

33* 0.57 12.34 0.98 66

$4 0.56 12.45 I O0 66.

32 Q,55 12.49 l,O_ _

36 0.53 12.65 1.16 65

37 0.52 12o72 1.24 KN
38 0.50 12o90 ;.2a 66

39 0.49 13.OO I .3o 65

4o o.48 13.10 1.44 65
41 0.47 13o20 1.58 64

42 0.46 13.31 1.70 63

43 O. 44 13.6Q io 90 61

44 0.43 13.80 2.00 60
#45 0.41 14_,20 2.00 50

#46 0.39 14.58 2_00 29

#47 0.37 15.08 2.00 07
#48 0.3/' 16o02 2,00 05

Fm=48 )]
= I_ (l'pm) + ...+(I-P_ - a8

so far Lm=l m= 1 m=_L,_ j

a = .387
S

_" Overlap

# Long Wavelength Filter In Beam
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TR-792-7-207B
7 June 1967

INTEGRATING SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 31

NO,

LEAD SULFIDE DETECTOR

X DRUM SLIT 0 S

l 2._5 7.88 2.00 47

2 2,05 8.58 2°00 66

1_82 9.05 2.O0 65

,I.67 9_40 2.00 63

5 1-54 9_65 2.00 68

1.44 9.88 2.00 6Q

7 In 36 ]0. tO io 74 70

8 io29 [0.23 lo52 72

9 1.213 [0.33 [,42 72

tO I_17 II0.a4 1.16 72

I] it 12 i[0.55 1.12 7q

12 1.08 L0.63 1.06 74.
13 1.04 10.71 1-02 75

14 1.00 [0.83 1o02 74
15 0.96 L0.96 0°92 75
16 0.93 1.00 0.86 75

17 0,,90 1.08 0°84 76

t8 0.87 ], 14 0.80 77

19 0.84 1.20 0.80 77

20 0,81 [1,29 0,76 _S

!21 0.79 11.34 0.74 76

22 0 77 i a0 0.74 77

23 0,75 LI.46 0.72 7R
2c 0.72 [i. 55 0.72 79

25 0.70 1.65 0.70 80
26 0.69 [1o69 0.70 80

27 _-: 0.67 [1,75 0.74 80

28* 0.65 [1.86 0.74 79

29* 0.64 [1.90 0.76 80

30* 0.62 [2 03 0.78 80
31_" 0.60 L2.[5 0.84 81

32" 0.59 [2.20 0,90 go

33_¢ O, 57 12.34 0.98 80

PHOTOMULTIPLI ER DETECTOR

NO . Z DRUM SLIT 0 S

27* 0.67 11.75 0.78 70

28* 0.65 11.86 0.74 80
29* 0.64 II_90 0.76 80

30* 0.62 12.03 0.78 79

31" 0.60 12,15 0.84 SO

32* 0°59 12.20 0.90 An

33* 0_57 _2.34 0.98 go
34 O. 56 12.45 1.00 80

35 0,55 12.49 1.08 so

36 O. 53 12.65 I. 16 80

37 0.52 12o72 1.24 79

38 O. 50 12o 90 I.28 82

39 0-49 13.00 1.30 81

40 o. 48 13.1o 1.44 81
41 0.47 13.20 1.58 _
42 0.46 13.31 1.70 80

43 0.44 %3.60 ]_,90 7_R
4/4 0.43 13.80 2.00 77

_#45 O. 41 14,_20 2. O0 68
4t86 0.39 14.58 2_00 36
4#47 O. 37 15.08 2. O0 07

#48 10.34 16.02 2.00 05

[m:48 ]
•..+(1-_)l:/[ (l m)+

C_SOfar Lm=l m=l m=L'_J

= .281
s

- a8

_ Overlap

# Long Wavelength Filter In Beam
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TR-792-7-207B

7 June 1967

INTEGRATING

LEAD SULFIDE DETECTOR

NO. _ DRUM SLIT O S

l 2,45 7.48 2.00 4_

P 2,05 8.58 2.00 63
3 L,82 q,05 2.00 63

[.67 9_40 2.00 60

5 I. 54 9 65 2.00 _

[IG4 9.88 2.OO 66

7 1,36 10,10 1.74 67

Io29 [0.23 1o 512 _8
9 1,23 10.33 1,42 68

10 1,17 lO.aa 1.16 68

11 I_ 12 I0.55 1.12 69

L2 1.08 10.63 11.06 70

13 1-04 0.71 1.02 70
14 71.00 t0°83 1.02 70
15 0.96 10.96 0.92 71

16 0,93 Ii.00 0.86 71

17 0.90 11.08 0.84 71

18 0.87 Ilola 0.80 73

19 0.84 11.20 0.80 72

20 0.81 11.29 0.76 73

21 0.79 11.34 0.74 72

22 0 77 Ii aO 0.74 71

23 0,75 i[1.46 0.72 72

2_, 0.72 1,55 0,72 74

25 0.70 i.65 0.70 75

26 0.69 I_69 0.70 74

27* 0.67 1,75 0.74 74
28 _: 0.65 1.86 0.74 73

t29" 0.64 1.90 0.76 73

i 30* O_ 62 .2 03 O. 78 72

31 _ 0.60 _2.15 0.84 7_
32* 0.59 2.20 0,90 71

33 _ O, 57 12.34 0.98 72

SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 32

PHOTOMULTIPLIER DETECTOR

NO. _ DRUM SLIT P S

27* 0.67 11.75 0.74 73

28* 0.65 11.86 0.74 74
29* 0.64 II,90 0.76 74

30* 0.62 12.03 0.78 74

31" 0.60 12,15 0.84 v_
. v

32* 0_59 12.20 0.90 75

33* 0,57 12.34 0.98 74

34 O. 56 12.45 i O0 74

_$ 0.55 12.49 1.08 79

36 i0.53 12.65 I. 16 73

37 0.52 12.72 1.24 7_

38 O. 50 12o90 1,24 76

39 0.49 13.00 1.30 73

40 0.48 13.10 1.4A 73

41 0.47 13.20 1.58 7R

42 0.46 13.31 1.70 79

43 0.44 13.60 1.90 71
44 0.43 13.80 2.00 69

{#45 0.41 1420 2.00 60

#46 0.39 14.58 2,00 32

#47 0.37 15.08 2.00 06

#48 0.34 16o02 2.00 05

solar

_m=48 .+(I-__)]
= I _(I-Pm) + ..

Lm=l m=l m=L'BJ

a = .333
s

- 48

_ Overlap

# Long Wavelength Filter In Beam
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TR-792.7-207B
7 June 1967

INTEGRATING SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 34

LEAD

NO. _ DRUM SLI T PS

l 2.45 7.48 2.00 45
2 2,05 8.58 2°00 67
3 1,82 9,05 2.00 68
4 1.67 9,40 2.00 63

5 1.54 9,65 2_O0 70

1.44 9,88 2.00 71
7 I. 36 0. I0 i. 74 72

8 io29 I0.23 Io52 73

9 1,23 [0o33 1,42 7A

I0 [_17 0.44 1.16 73

11 I_ 12 0.55 i. 12 75

112 1.08 [0.63 i[.06 75

13 1.04 JI0.71 1.02 76

14 1.00 0,83 1o02 76

5 0.96 [0.96 0,92 77
16 0,93 [I.00 0.86 76

i[7 0,90 [1.08 0°84 77
18 0.87 1ola 0.80 78

19 0.84 ll.20 0.80 78
20 0.81 ll.29 0.76 78

21 0.79 1.34 0.74 7Q

22 0, 77 [i a0 0.74 78

23 0.75 ll.46 0.72 79
26 0.72 11.55 0,72 78

25 0.70 1.65 0.70 78
26 0.69 1to69 0.70 7Q

27* 0.67 11.75 Q,74 Ro

28* 0.65 11.86 0.74 80

29* 0.64 11.90 0.76 80

30* 0_62 t2 03 0.78 i80

31" 0.60 12.15 0.84 179
32* 0.59 12.20 0_90 !Sl

33* 0,57 12.34 0.98 18n

_HOTONIILTIPLI ER DETECTOR

NO . _ DRUM SLIT PS

27* 0.67 11.75 0.74 79

28* 0.65 11.86 0.74 go

29* 0,64 Ii_90 0.76 7Q

30* 0.62 12o03 0.78 79

31" 0.60 12,15 0.84 80

32* 0o59 12.20 0.90 80

33* 0.57 12.34 0.98 80

34 0.56 12.45 1.00 80

35 0.55 12.49 1.08 flO

36 0.53 12.65 t.16 7R

37 0.52 12o72 1.24 78

38 0.50 12o90 Lo2a _n
39 0.49 13.00 1.30 78

40 0.48 13.10 1.44 7g
41 0.47 13.20 1.58 7R

42 0.46 13.31 1.70 77

43 0.44 13.60 1_90 76

44 0.43 13.80 2.00 74

_45 0.41 14 20 2.00 65

_46 0.39 14.58 2°00 36

#47 0.37 15.08 2.00 06

#48 0.34 16_02 2.00 05

esolar =
=48 +( l-P_)'1
(1-Pm) + ...

=i m=l m=A'_J

= .283
s

a8

_" Overlap

# Long Wavelength Filter In Beam
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TR-792-7-207B
7 June 1967

INTEGRATINGSPHEREPROGRAMMEDWORKSHEET

SAMPLENO. 36

LEADSULFIDEDETECTOR

NO. X DRUM SLIT

1 2.45 7.48 2.00 46

2 2,05 8.58 2+00 68

3 1,82 9.05 2.00 68

!.67 q_40 2.00 64

5 1.54 9.65 2.00 71
6 1.44 9°88 2.00 72

7 1,36 O. tO 1.74 74

8 i_29 10.23 io52 75
9 1.23 0°33 1.42 76

I0 1o17 lO.aZ, 1.16 75

ii I 12 tO. 55 1.12 76

12 1.08 10.63 1.06 77

13 1.04 0.71 1 .02 7R

la t.O0 [0o83 1.02 7g

_5 0.96 10,96 0°92 79
16 0.93 [I.00 0.86 79

17 0,90 11.08 0°84 80

18 0.87 Iiola 0.80 79

19 0.84 11.20 0.80 80

20 0.81 11.29 0,76 80

21 0.79 11.34 0.74 81

22 0 77 11 aO 0.74 81

2_ 0,75 1.46 0.72 82
P'-, 0.72 ll.55 0,72 _ql

25 0,70 1.65 0.70 83

26 0.69 [l,69 0,70 R9

27* 0,67 11.75 0.74 83
28 _ 0.65 11.86 0.74 82
29* 0.64 i1.90 0.76 84

30* 0 62 2 03 0.78 83

31_'_ 0.60 12.15 0.84 83

-32* 10.59 _2._0 0,90 A'_
10.57

I

33* !12 3_ 0.98 83

PHOTOMIILTIPLIER DETECTOR

P S NO. _ DRUM SLI T 0 S

27* 0.67 11.75 0.74 84

28* 0°65 11.86 0.74 83

29* 0.64 11,90 0.76 83
30* 0.62 12,03 0.78 83

31" 0.60 12,,15 0.84 _t_

32* 0,59 12.20 0.90 R9

33* 0-57 12.34 0.98 85
34 0.56 12.45 1,,00 86

35 0,55 12.49 1.08 84

36 0.53 12.65 1.16 85

37 0.52 12.72 1.24 RN

$8 0.50 12.90 1.2a R4
39 !0.49 13.00 1.30 A_

40 0.48 13. lO 1.44 £A

41 0,47 13.20 1.58 85
42 0.46 13.31 1.70 83

43 0.44 %3.6Q 1,90 AN
44 0.43 13.80 2.00 82

#45 0.41 14o20 2.00 80

i{_46 0.39 14.58 2,00 37

#47 0.37 15.08 2.00 06

#48 o.3a 16.02 2.00 05

Fm= 8 >]= lY(1-Pm) + .+(l-p_ -o_

solar IULm=l m=l m=/"_J

a = .250
s

48

_ Overlap

# Long Wavelength Filter In Beam
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TR-792-7-2078

7 June 1967

INTEGRATING SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 38

LEAD SULFIDE DETECTOR

NO. % DRUM SLIT OS

1 2.a5 7.a8 2.00 44
2 2,05 8.58 2o00 68
3 1,82 0.05 2,00 67

1.67 9,,40 2.00 62

5 l- 54 9_65 2.OO 70

O 1.44 9_88 2.00 70

7 I, 36 10, i0 i. 7& 72

8 I 29 10.23 Io 52 74

9 1.23 1.0.33 1,42 74

10 [, 17 lO.&a 1.16 74
11 1_12 I0.55 1.12 76

12 1.08 10.63 1.06 76

13 I.04 If}.71 I.f12 76

14 1.00 10o83 1o02 77

15 0.96 i0.96 0.92 76

16 0.93 Ii.00 0.86 77

17 0°90 11.08 0.84 77

t8 0.87 llola 0.80 78

19 0.8,4 11.20 0.80 78
20 0,81 11.29 0.76 7`8

21 0.79 ii.34 0.74 79

22 0, 77 ll,.aO 0.74 81

23 0.75 1.46 0.72 79

2', 0.72 [_.55 0,72 79

25 0,70 11.65 0.70 80

26 0.69 1.lo69 0,70 `81

27_ 0.67 11,75 0.74 ,81
28 _? 0.65 1.86 0.74 80

29* 0.64 11.90 0.76 80

30. 0_62 2,03 0.78 R1
31" 0.60 12.15 0.8a v_
32* 0.59 L2.20 0,90 79

33* 0,57 12.34 0.98 179

PHOTOMULTIPLIER DETECTOR

NO. % DRUM SLIT OS

27* 0.67 11.75 0.74 80

28* 0.65 11.86 0.74 `80
29* 0.64 11o90 0,7_ _1
30* 0.62 12o03 0.78 An

31, 0.60 12o15 0.84 al

32* 0°59 12.20 0.90 80

33* 0,57 12..34 0.98 81
34 0.56 12.4.5 1,,00 `sP
35 0.55 12.49 1.08 89

36 0.53 12.65 1.16 81

37 0.52 12o72 1.24 89
38 0.50 12.90 1.24 _o

39 O.49 13.00 1.30 _I

40 O.48 13.10 1.44 81

41 0,47 13o20 1.58 70
42 0.46 13.31 1.70 79

43 0.44 %3.60 1o90 79

44 0.43 13.80 2.00 77

#45 0.41 14_20 2.00 67
_46 0.39 14.58 2°00 _

#4"7 0.37 15.08 2.00 06

[_48 0.34 16.02 2.00 05

solar

_m=48

= I_ (i-0 m)

Lm=l m=l

1
+ ...+(I-P_)_" 48

m=L:'_J

= .274
s

Overlap

# Long Wavelength Filter In Beam
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TR-792-7-207B
7 June 1967

LEAD

INTEGRATING

SUIFIDEDETECTOR

NO. X DRUM SLIT P S

i 2.45 7.a8 2.00 34

2 2.05 8,58 2°00 50
3 1,82 9.05 2.00 50

4 1.07 9_40 2.00 47

5 1.54 9,65 2.00 52

6 1.44 9.88 2.00 53

7 1.36 I0.I0 1.74 53

8 1029 10.23 i_52 54
9 1.23 10.33 1,42 55

I0 I,,17 10.aa 1.16 54

11 112 10.55 1.12 55

L2 1.08 10.63 1.06 56
13 1.04 !0.71 t.02 56

14 1.00 10.83 1o02 56

15 0.96 i0.96 0.92 56
16 0.93 II.00 0.86 56

17 090 11.08 0.84 57

18 0.87 11o14 0.80 57

19 0.84 11.20 0.80 57

20 0o81 _1.29 0.76 57

21 0.79 _I_i134 0.74 5822 077 _0 0.74 58

23 0.75 l.q6 0.72 _
24 0.72 1.55 0,72 57

2 5 10.70 1..65 0.70 56
26 !0,69 [o69 0.70 57

27_ 0.67 1.75 0,74 58
28 _ 0.65 1.86 0.74 57

29* 0.64 1.90 0.76 57

30* 0_62 2 03 0.78 56

31" 0.60 2.15 0.84 55

32* 0.59 2.20 0_90 57

33* 0.57 12.34 0.98 57

SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 39

PHOTOMULTIPLIER DETECTOR

NO. X DRUM SLIT PS

27* 0.67 11.75 0.74 57

28* 0.65 11.86 0. 74 58
29* 0.64 11o90 0.76 57

30* 0.62 12.03 0.78 57

31" 0.60 12,,15 0.84 _7

32* 0059 12.20 0.90 _g

33* 0_57 12.34 0.98 58
34 0.56 12.45 I,,00 57

35 0.55 12,49 1.08 _

36 0..53 12.65 1.16 58

37 0.52 12o72 1.24 58

38 0.50 12o90 1.24 58
_g 0.40 13.OO 1.30 _7

40 0.48 13.1 o I.44 _6

41 0.47 13.20 1.58 _6
42 0.46 13.31 1.70 56

43 0.44 13.60 1.90 55
44 0.43 13.80 2.00 52

_45 0.41 14o20 2.00 48

_46 0.39 14.58 2_00 27

#47 0.37 15.08 2.00 07

#48 0.34 16.02 2.00 05

solar
rm=48 .+(1-0_)]

= J_(l-Pm) + ""

tm:l m=l m=a'g J

= .475
s

- 48

';_ Over lap

# Long Wavelength Filter In Beam
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TR-792-7-2073

7 June 1967

INTEGRATING SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 39-A

LEAD SULFIDE DETECTOR

NO. 1 DRUM SLIT PS

1 2.45 7.48 2.00 42

2 2.05 8.58 2,00 68

3 I°82 9.05 2.00 68

4 1.67 9.40 2.00 64

5 ]. 54 9_65 2.OO 79

6 1.44 9.88 2_OO 73

7 1.3_ ]0.i0 1.74 75

8 io29 10.23 1o52 76

9 1.23 10o33 1,42 76

I0 1,.17 10.44 1.16 75

11 I_12 10.55 1.12 7R

i[2 1.08 10.63 1.06 79

13 1.04 10.71 1.02 79

14 [.00 10o83 1o02 80

15 0.96 10.96 0°92 80

16 0.93 Ii.00 0.86 80

17 0090 11.08 0°84 80

18 0.87 11.o14 0.80 80

lq 0.84 11.20 0.80 82,

20 0.81 11.29 0.76 81

21 0.79 11.34 0.74 81

22 0_77 ll_a0 0.74 80

23 0.75 11.46 0.72 83

2_ 0.72 11.55 0,72 82

25 0.70 [I..65 0.70 82

26 0.69 11_69 0,70 82

27= 0.67 11.75 0.74 82

28* 0.65 11.86 0.74 81

29* 0.64 11.90 0.76 RP

30* 0°62 [2.03 0.78 80

3] _ 0.60 12.15 0.8a 82

32* 0.59 12.20 0o90 81

33* 0.57 12.34 0.98 84

Overlap

# Long Wavelength Filter In Beam

PHOTO_ILTIPLIER DETECTOR

NO. 1 DRUM SLIT PS

27* 0.67 11.7.5 0.74 84

28* 0.65 11.86 0.74 RN

29* 0,54 11.90 0.76 AN

30* 0.62 12.03 0.78 hA

31" 0.60 12.15 0.84 _L

32* 0059 12.20 0.90 S5

33* 0.57 12..34 0.98 86

34 0,56 12.45 1.00 85

35 0,55 12,49 1.08 85

36 0.53 12.65 1.16 86

37 0.52 12072 1.24 86

38 0.50 12.90 1.24 86

39 0.49 13.00 1.30 RE

40 0.48 13.10 1.44 86

41 0.47 13.20 1.58 R5

42 0.46 13,31 1.70 83

43 0.44 13.60 1.90 R_

44 0.43 13.80 2.00 80

_45 0o41 14_20 2.00 70

_46 0.39 14.58 2.00 37

#47 0.37 15.08 2.00 06

#48 0,34 16o02 2.00 04

c_
solar

[m=48 ]
.+(I-P_)I"= J[(l-Pm) + ..

Lm=I m=l m=L' .]

= .249
s

48
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TR-792-7-207B

7 June 1967

INTEGRATING SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 40

],EAD SU
L "'

NO. _ DRUM SLIT OS

I 2.a5 7.48 2.00 29

2 2,05 8,58 2°00 41
3 i_82 q,05 2.00 41

¢ 1.67 q 40 2.00 39

5 1.54 9°65 2,no 42

6 1.44 9.88 2.00 42

7 1.36 I0.i0 1.7a 43

8 io29 110.23 io52 44

9 1.23 10o33 1,42 AA

I0 1o17 [0.44 1.]6 43

II i_12 [0.55 1.12 44

[2 1.08 [0.63 1.06 45

I3 I.04 O. 71 1.02 44

14 I.O0 0,83 ]°02 44
15 0.96 [0,96 0.92 44

16 0.93 [i.00 0.86 44

17 0,_90 1.08 0°84 AA

18 0.87 1o14 0.80 44

19 0.84 [1.20 0.80 AA

20 0o81 [1.29 0_76 45

21 0.79 1.34 0.74 47

22 077 [i,_0 0.74 45

23 0.75 [.46 0.72 A7

29 0.72 [1,55 0,77 46

25 0,70 1.65 0.70 45

26 0.60 [[_69 0.70 46

27* 0.67 1,75 0.74 46

28 _ 0.65 [1.86 0.74:45

29* 0.64 [1.90 0.76 146

30" 0°62 12 03 0.78 45

3]* 0.60 12,15 0.84 46
32* 0.59 12.20 0o90 45

33* 0_57 12.34 0.98 44

PHOTOMULTIPLI Ell

NO. _ DRUM

DETECTOli

SLIT P S

27* 0.67 Ii_75 0.74 47

28* 0.65 ii.86 0.74 46

29* 0.64 Iio90 0.76 A7

30* 0.62 12.03 0.78 A6

31" 0.60 12o15 0.84 A7

32* 0°59 12.20 0.90 a_
.v

33* 0.57 12..34 0.98 47
34 0.56 12.45 1,00 45

35 0.55 12.49 1.08 L46

36 0.53 12.65 1.16 46

37 0.52 12o72 1.24 45

38 0.50 12o90 1.24 46

39 0.49 13.00 1.30 44

40 0.48 13.10 ].44 44

41 0.47 13,20 1,58 AA

a2 i0.46 13.31 1.70 44

43 0,44 13.60 1,90 43

44 0.43 13.80 2.00 41

_45 0.41 14 20 2.00 37
_46 0.39 14.58 2°00 21

#47 0.37 15.08 2.00 07
#48 0.34 16o02 2.00 06

rm=48

= J_.(1-Pm)

Lm=l m=l
solar

= .581
s

]
+ ...+(l-Om)|

m=a'_ J

a8

_ Overlap

# Long Wavelength Filter In Beam
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TR-792-7-207B

7 June 1967

INTEGRATING SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 40-A

NO.

LEAD SULFIDE DETECTOR

DRUM SLI T P S

I 2.45 7.48 2.00 42

2 2.05 8.55 2,00 67
3 1,82 q.05 2.00 67

4 1.67 9,40 2.00 63

5 1. 54 9,,65 2.00 71

1.44 9.88 2.00 72

7 1,36 0.I0 1.74 73
8 io29 [0.23 io52 75

9 1.23 [0_33 1.42 75

i0 lo17 10.a4 i.]6 74

ii I_12 [0.55 1.12 76

i[2 1.08 [0.63 1.06 77

13 1.O4 O.71 I-O2 77

la 1.00 I0o83 1o02 79
15 0,96 [0.96 0,92 78

16 0.93 ll.O0 0.86 78

17 0o90 11.08 0°84 78

18 0.87 I].14 0.80 78

19 0.84 [1.20 0.80 79

20 0,81 11.29 0.76 80

21 0.79 Ii.34 0.74 80

22 0 77 iI a0 0.74 80

23 0;75 11.46 0.72 81

2_ 0.72 [1.55 0,7-9 gO

2_ 0,70 [1.65 0.70 80

26 0.69 11,.69 0.70 81

27 _,_ 0.67 11.75 0.74 80

28 _ 0.65 _1.86 0.74 g2
29* 0.64 1.90 0.76 80

30* 0o62 2 03 0.78 81

13]* 0.60 2.15 0.84 8'1

32* 0.59 L2.20 0.90 82

33* O, 57 12.34 0.98 81

PHOTOMULTIPLI ER DETECTOR

NO. X DRUM SLIT P S

27* 0.67 11.75 0.74 82

28* 0.65 11.86 0.74 91

29* 0,04 Ii.90 0.76 82

30* 0.62 12.03 0.78 82

31" 0.60 12,15 0.84 81

32* 0°59 12.20 0.90 R1

33* 0.57 12.34 0.98 82
34 0.56 12.45 1,00 g9

35 0.55 12.49 1.08 82

36 0..53 12.65 1.16 82

37 0.52 12o72 1.24 g2

38 0.50 12o90 1o24 g9

39 0-49 13.00 1.30 83

40 0.48 13.10 1.44 g_
41 0.47 13.20 1.58 82

42 0.46 13.31 1.70 80

43 0.44 13.60 io90 78
44 0.43 13.80 2.00 76

_45 0.41 14_20 2.00 _6
_46 0.39 14.58 2°00 36

#47 0.37 15.08 2.00 05

#48 0.34 16o02 2.00 05

solar
Fm=48 .+(l-pm)]

= /_(1-Pm) + ''

Lm=l m=l m----A'_J

= .267
s

: 48

Overlap

# Long Wavelength Filter In Beam
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A.2 Aluminized Teflon Data

TR-792-7-207B

7 June 1967

INTEGRATING SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 23

NO.

LEAD SULFID

X DRUM SLIT p S

PHOTOMULTIPLI ER DETECTOR

NO. _ DRUM SLIT P S

[ 2,&5 7.48 2.00 93

? 2,05 8.58 2o00 91

B 11,82 9,05 2.00 91

_* !.67 9,40 2.00 91

5 1.54 9,,65 2.00 09

6 1.44 9.88 2,00 91

7 1.36 [0.I0 1.7a 90

8 io29 10.23 io52 90

9 1.23 [0.33 1,42 90

10 [,17 [0.44 1.16 90

I] 1 12 [0.55 1.12 89

12 [.08 [0.63 1.06 89

13 1-04 0.71 1,02 87

14 1.00 0,83 1,02 85

15 0.96 [0.96 0092 R_.

16 0,93 1.00 0.86 82

1.7 0.90 1.1.08 0°84 80
18 O.87 tl, la 0.80 79
t9 0.84 1 I. 20 0.80 78

20 0o81 11,29 0.76 78

21 0.79 11.34 0.74 77

22 0 77 [I a0 0.74 78

146 0.72 80
2'_ O. 72 tl. 55 0.72 78

25 0.70 11,65 0.70 79

26 0.69 [,69 0.70 80

27* 0,67 [i.75 0.74 80

28,-', 0.65 [1.86 0.74 81

29* 0.64 [I.90 0.76 81

30" 0°62 12 03 0.78 78

31 _'_ 0.60 [2.15 0.84 _n

32* 0.59 12.20 0,90 !79

33* 0.57 12.34 0.98 80

27* 0.67 11.75 0.74 80

28* 0.65 11.86 0.74 80

29* 0.64 11,90 0.76 79

30* 0.62 12o03 0.78 _n

31" 0.60 12.15 0.84 79

32,'- 0,,59 12.20 0.90 80

33* 0.57 12.3a 0.98 80

3a 0.56 12.45 1 O0 81

35 0.55 i2.49 1.08 80

36 0.53 12.65 i. 16 80

37 0.52 12o72 1.24 78

38 0o50 12.90 t.2a 80

39 0.49 13.00 1.30 78

40 0.48 13.10 1,44 78

41 0.47 13o20 1.58 77

42 0.46 13.31 1.70 76

43 0.44 13.60 1,,90 174

44 0,43 13.80 2.00 [74

{/45 0.41 14.20 2.00 72

#46 0.39 14.58 2,00 71

#47 0.37 15.08 2.00 70

#48 0,34. 16o02 2.00 66

asolar

C{ ----

S

r m=48 l

= I[(1-Pm) + ...+(I-P_ )1
Lm=l m=l m=/"_ J

.185

- 48

_'¢ Overlap

# Long Wavelength Filter In Beam
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TR-792-7-207B

7 June 1967

INTEGRATING

LEAD

NO. % DRUM SLIT P S

I 2.45 7.48 2.00 i$

2 2,05 8.56 2.00 14
3 1,82 q.05 2.00 1/,

4 1.67 9,40 2.00 14

5 I. 54 9_65 2.00 14

1.44 9.88 2.00 14

7 [.36 0,i0 1.7a 14

8 io29 [0.23 Io52 15

9 1.23 [0.33 1.42 IA

10 Lo17 10.44 1.16 14

i] I_ 12 L0.55 1.12 14

12 [.08 [0.63 1.06 14

13 1.04 0.71 1.n2 14

].a 1.00 0.8.3 1o02 14

15 0.96 L0.96 0.92 15

j16 0.93 [1.00 0.86 15
17 0°90 [i.08 0°84 15

18 0.87 [1o14 0.80 13
lq 0.84 [1.20 0.80 16

20 0.81 11.29 0.76 14

21 0.79 [1.34 0.74 14

22 O_ 77 [l,_O 0.74 14

23 0,75 1.46 0.72 15
2'-, 0.72 1.55 0.72 14

25 0.70 [.65 0.70 14

26 0.69 LL,69 0.70 15

27_ 0.67 [1.75 0.74 15
28, 0.65 [1.86 0.74 16

29* 0.64 [1.90 0.76 14

30* 0_62 L2 03 0.78 14

31-_ 0.60 [2.L5 0.84 15

-32* 0.59 L2.20 0_90 15

33* 0.57 12.3_ 0.98 16

SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 24

PHOTOMULTIPLIER DETECTOR

NO. % DRUM SLIT OS

27* 0.67 11.75 0.74 15

28* 0.65 11.86 0.74 IA

29* 0,64 11o90 0.76 15
30* 0.62 12.03 0.78 14

31" 0.60 12,,15 0.84 14

$2" 0°59 12,20 0.90 13

33* 0.57 12.34 0.98 IA
34 0.56 12.45 io00 14

$_ 0,55 12.49 1.08 14

36 0.53 12.65 1.16 IA

37 0.52 12.72 1.24 IA

38 0.50 12o90 1.24 13

39 0.49 13.00 1.30 I_

40 0.48 13.10 1.44 I_

41 0.47 13.20 1.58 1N
42 0.46 13.31 1.70 13

43 0.44 13.60 _,90 12
44 0.43 13.80 2.00 12

_45 0.41 14_20 2.00 11
_46 0.39 14.58 2°00 II

#47 0.37 15.08 2.00 lO

#48 0.3A 16_02 2.00 08

Fm= 8 ]
...+(I-P_)I=/[(1-Pm) +

_solar km=l m=l m=dgJ

= .864
s

.:- a8

Overlap

# Long Wavelength Filter In Beam
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TR-792-7-207B
7 June 1967

INTEGRATINGSPHEREPROGRAMMEDWORKSHEET

SAMPLENO. 25

LEADSULFIDEDETECTOR

NO. _ DRUM SLI T PS

1 2.45 7.48 2.00 91
2 2.05 8.58 2°00 92
3 1,82 q.05 2.00 91

q 1.67 9o40 2.00 92

.5 1.54 9r65 2.OO 92

0 1.44 9.88 2.0O 91

7 1.36 110.i0 1.74 91

8 1o29 [0.23 io52 91

9 1.23 [0°33 i_,42 91
I0 i,17 [0.44 1.16 90

11 1,12 [0.55 1.12 89

12 1.08 L0.63 1.06 89

13 1.04 10.71 1.02 88

14 1.00 L0o83 1o02 87
15 0.90 L0.96 0°92 84
16 0.93 1.00 0.86 84

17 0oq0 1.08 0°84 81

18 0.87 I.14 0.80 81

19 0.84 1.20 0.80 81

20 0.81 [1.29 0.76 79

21 0.79 [1.34 0.74 79

22 0_77 l aO 0.74 79

23 0.75 1.46 0.72 80

24 0.72 1.55 0,72 80

25 0.70 1.65 0.70 81

26 0.69 1o69 0.70 80
27* Q.67 1.75 Q.74 81

28* 0.65 1.86 0.74 81

29* 0.64 1.90 0.76 87

30, 0.62 203 0.78 81
3]* 0.60 2.15 0.84 82

32* 0.59 2.20 0,90 82

33* 0,57 12.34 0.98 81

PHOTOMIILTIPLIER DETECTOR

NO. _ DRUM SLIT PS

27* 0.67 11.7.5 0.74 81

28* 0.65 11.86 0.74 81

29* 0.64 Ii,90 0.76 _I
30* 0.62 12o03 0.78 81

31" 0.60 12,,15 0.84 81

$2" 0°59 12.20 0.90 82

33* 0.57 12.34 0.98 82

34 0.56 12.45 1.00 82

35 0.55 12.49 1.08 81

36 O. 53 12.65 I. 16 81

37 0.52 12.72 1.24 80

38 0.50 12.90 [.24 81

39 0-49 13.00 1.30 81

40 O.48 13.10 1.44 81

41 0.47 13.20 1.58 !80.
42 0.46 13.31 1.70 i79

43 0.44 13.6Q 1.90 175
44 0.43 13.80 2.00 77

_45 0.41 14o20 2.00 75
#46 0.39 14.58 2_00 72

#47 0.37 15.08 2.00 70

#48 0.34 16.02 2.00 64

_m=48

= J >_(l-,Pm)

Lm=l m=l

(%
solar

a = .174
s

]
+ ...+(l-Pm) l_

m =/'-8j
- 48

Overlap

# Long Wavelength Filter In Beam
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LEAD SULFIDE

INTEGRATING

NO. _ DRUM SLIT 0S

t 2, & 5 7.48 2. O0 42

) 2,05 8.58 2,00 42
:_ t,82 9,05 2.00 41

1.67 Q,40 2.00 41

__5__ 1.54 9,65 2.fin 41

__%__ 1.44 9.88 2.0o 38

7 i 1o36 L).lO I, 7a 42
8 i_29 1.0.23 }._52 42

9 1.23 lO 33 1,42 40

_if;) L 17 lO.aa 1.16 39
It 1 12 10.55 1.12 37

I2 1.08 10.63 1.06 38

13 I.Oa 0.71 1.02 ._
ta t.O0 0°83 1.02 _5
15 0.96 _0.96 0_92 32
16 0.93 11.00 0.86 33
217 0,90 11.08 0°84 34

[8 0.87 li,.la 0.80 36

t9 0.84 11.20 0.80 34

20 0o81 1[.29 0,76 33

21 0.79 11.34 0.74 32

T2 0 77 ll,a0 074 34

-23 0,75 [1.46 0.72 31

2'-, 0,72 11,55 0.72 33

25 0.70 11,65 0.70 31

26 0.69 ll,69 0.70 32

-27;_- 0.67 I. 75 O. 74 _h

28* 0.65 1.86 0.74 35
29,- O,6a 1.90 0.76 32

50- 062 2 03 0.78 33
31" 0.60 2.[5 0.84 33

-32* 0.59 L2.20 0,,90 30

33* O. 57 12.34 0.98 32

SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 26

PHOTOMULTIPLI ER DETECTOR

NO . ,X, DRUM SLIT P S

27* 0.67 11.75 0.74 33

28* 0.65 11.86 0.74 33

29* 0.04 11,,90 0.76 33

30* 0.62 12o03 0.78 33

31" 0.60 12 15 0.84 35

32* 0°59 12.20 0.90 30

33 * 0 57 12.34 0.98 32
34 0.56 12.45 1 O0 30

35 0,55 12.49 1.08 32

36 0.53 12.65 1.16 30

37 0.52 12o72 1.24 28
B8 O. 50 12 o90 [. 24 28

39 o. a9 l3- oo I.30 9_

40 O. 48 13.10 1.4a 29
41 I0.47 13o20 1.58 29

42 0.46 13.31 1.70 29

43 0.44 13.60 _o90 27
44 0.43 13,80 2.00 26

_45 0,41 14 20 2,00 26

_46 0.39 14..58 2 00 23

#47 0.37 15.08 2.00. 22

#48 0.34 16o02 2.00 15

so lar
[m48 +{l p_1)l=iZ -om) + "'"

Lm=l m=l m=:L'_J

a = .670
s

- a8

_'e Overlap

# Long Wavelength Filter In Beam
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F
I

LEAD SUI

INTEGRATING

140. _ DRUM SLI T O o

1 2,<_5 7.48 2.00 90

2 2.05 8.58 2_00 91
3 L.82 9.05 2.00 90

'_ !.67 9,40 2.00 91

5 ] . 54 9,165 2.off 9n

0 1.44 9.88 2,,00 90

7 1.36 [lO.lO 1o74
8 t,29 }10.23 io52 91

9 i.23 to 33 1, 2 89
-7o---7777to,,4 116 89
-7i I 12 tO 55 1.12 88

L2 i.08 t0.63 1.06 88

il 3 l. oa 0.71 1.02 87

14 [.00 0°83 1.02 85

[5 0.96 0.96 Qo92 83[6 0.93 1.00 0.86 81

17 0,90 ti.08 0°84 80

t8 0.87 l,la 0.80 78
t9 0.84 11.20 0.80 78
20 0o81 11.29 0.76 78

21 0.79 I1.34 0.74 78

22 0 77 [1,aO 0.74 78
23 Q,75 1.46 0.72 79_

2'_ O. 72 [ 1. 55 0,72 78

25 0.70 [.65 0.70 79

26 0.69 ll 69 0.70 8027,_ 0,67 II, 75 0. 74 gO

28_" 0.65 11.86 0.74 78
29* 0.64 II.90 0.76 80

30_._ 0 62 2 03 0.78 78
31" 0.60 ]2.t5 0.84 79

32* 0.59 .2.20 0_90 78
33,'- !0.57 12.3_ 0.98 80

SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 26

PHOTOMIILTIPLIER DETECTOR

NO. _ DRUM SLIT PS

27* 0.67 11.75 0.74 79

28* 0.65 11.86 0.74 79
29* 0,04 11,90 0,76 77

30* 0.62 12o03 0.78 79

31" 0.60 12,,15 0.84 g_

32* 0,59 12.20 0.90 RI

33* 0,57 12.34 0.98 gO
34 0.56 12.45 1,00 79

35 0,55 12.49 1,08 79

36 0.5.3 12.65 1.16 178
37 0.52 12o72 1.24 i78

38 O. 50 12o90 1.2a 7q
39 0.49 1.3.00 1.30 80

40 0.48 13.10 1,44 vR
41 0.47 13,20 1.58 77
42 0.46 13.31 1.70 78

A3 0.44 13.60 _o90 75
44 0.43 13.80 2.00 74

#45 0.41 1420 2.00 73
_46 0.39 14.58 2000 70

#47 0.37 15.08 2.00 69

#48 0.34 16.02 2.00 66

solar

Fm= 8 ]
..+(l-p_)]= |_(l-Pm) + •

Lm=l m=l m=a'_J

c_ = ,191
S

- 48

>_ Overlap

# Long Wavelength Filter in Beam
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1NTEGRATi NG

i LEAD SULFH

NO. % DRUM SLIT PS

[ 2.a5 J.a8 2.00 68

2 2,05 8°,5_ 2°00 66
],_2 9,05 2.00 66

1.67 qj40 2.00 65

5 ].% 965 2.00 65

il 1 [.4 a 9_88 2_00 64

__Z__ 1,36 tO,lO i_74 64
8 i,29 I0.23 1o52 63

--9 1.23 10o33 1,42 62

_£O [17 I0.44 1.16 62

_I 1 12 [0.55 1.12 61

L2 [.08 [0.63 1.06 61

13 i.04 0.71 I.f12 61

L4 t.O0 [0o83 1,,02 59

_5 0.96 10.96 0.92 58
16 o,q3 [1.00 0.86 56

17 0oq0 11.08 0_84 55

[8 0.87 tl.la 0.80 56

[o 0.84 11.20 0.80 52
20 0o8[ 11,29 0,76 54

21 0.79 11.34 0.74 59

!2______0 77 11 &0 0.74 59

23 0,75 [1.46 0.72 54

2_ 0.72 [[.55 0.72 53

25 0,70 1.65 0.70 53

_26 0.69 11,69 0.7 0 54
27,_ 0_67 11,75 0.74 54
28 _ 0.65 11.86 0.74 54

2q* 0.64 ii.90 0.76 52

t_?_ 0_62 i2 03 0.78 530.60 12,t5 0.8a 52

32* 0.59 2.20 OoqO 5233* 0_57 t2.34 0.98 51

SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 27

PHOTOMULTIPLIKR

NO. % DRUM

DETECTOR

SLIT OS

27* 0.67 11.75 0.74 52

28* 0.65 11,86 0.74 50

29* 0.64 Ii,,90 0.76 58

30* 0.62 12o03 0°78 57

31" 0.60 12,15 0.84 57

_2" 0°59 12.20 0.90 56

33* 0_57 12.34 0.9_ 57
34 0.56 12.45 1,00 57

35 0.55 12,49 1.08 56

36 0.53 12.65 [.16 54

37 0.52 12o72 1.24 53

38 0.50 12o90 1_24 50

39 0.4q 1.3.00 1.30 49

aO _0.48 13.10 1.44 47
41 0.47 13020 1.58 43

42 0.46 13.31 1.70 42

A3 0_44 13.60 I_90 37
44 0.43 13.80 2.00 34

_45 0,41 14_20 2.00 24
#46 0.39 14.58 2°00 14

#47 0.37 15.08 2.00 O_

#48 0.34 16_02 2.00 07

Imm=48

_(l-Pm)

=i m=l
solar

a = .481
s

:- 48

_ Ove:[ [ap

tt Long Wavelength Filter in Beam

A-33



TR-792-7-207B
7 June 1967

INTEGRATINGSPHEREPROGRAMMEDWORKSHEET

LEAD
I p

I'IO. X DRUM S LI T [ S

1 2.45 /.48 2.00 35

2 2,05 8.58 2o00 32
3 11,82 q.05 2,00 33

4 1.67 c),40 2.00 32

5 1,54 9_65 2.00 32

___.__._ 1.44 9,88 2.00 91

7 ],, 30 10o 10 1.74 31
,_8 i 29 /0.23 1o52 3Q

9 1.23 I0_33 1.42 30

_iO Io 17 0.44 i. 16 30

11 1_ 12 10.55 1.12 2Q

12 .L.08 10.63 1.06 29
J3 1.04 0. 71 I .02 2g

ta t.oo 10°83 1.02 28
J. 5 0.96 1,0,96 0,92 28
16 0.93 11.00 0.86 27

i[7 0_90 [1.08 0°84 27

18 O. 87 1o la O. 80 27

19 0.84 i. 20 0.80 27

20 0,81 ll.29 0,76 27

2i 0.79 11.34 0.74 26

22 0 77 l, aO 0.74 27

23 0.75 1.46 0.72 27

2,-, 0°72 1.55 0,72

25 Q.70 1.65 0.70 97

_.26 0.69 [, 69 0.70 2_

2 7_': 0.67 1.75 0.74 27

28* 0.65 1.86 0.74 26

29* 0.64 1.90 0.76 25

30* 0,62 2 03 0.78 26
31" 0.60 2.15 0.84 25

-32* 0.59 .2.20 0_90 9_

33* 0,57 12.3a 0.98 P5

SAMPLE NO.

1

28

PHOTOMULTIPLIER DETECTOR

NO . X DRUM SLIT OS

27* 0.67 11.7.5 0.74 27

28* 0.65 11.86 0.74 26

29* 0.64 11o90 0.76 26

30* 0.62 12.03 0.78 o_

31" 0.60 12_15 0.84 25

32* 0°59 12.20 0.90 24

33* 0.57 12.3a 0.98 26
34 0.56 12.45 100 _
3 5 O. 55 12.49 1.08 24

36 0.53 12.6.5 1.16 24

37 0.52 12.72 1.24 i24

38 0.50 12o90 1.24 i24

39 o.49 13.00 1.30 23
40 0.48 13.10 1,44 23

41 Q,47 13.20 1.58 99
42 0.46 13.31 1.70 22

43 0.44 13.60 1o90 21

44 0.43 13.80 2.00 21

_45 0.41 14.20 2.00 18

_46 0.39 14.58 2_00 19

#47 0.37 15.08 2.00 17

#48 0.34 16o02 2.00 12

solar

m=48 3
= [_(l-Pm) + ...+(I-P_)[

Lm=l m=l m=A'_ J

c_ = .739
s

_ Overlap

# Long Wavelength Filter In Beam

- 48
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INTEGRATINGSPHEREPROGRAMMEDWORKSHEET

SAMPLENO. 28

LEAD

NO, J _ DRUM SLIT P S

I 2o45 7.48 2.00 92

__2___ 2.05 8.58 2o00 92
3 [,82 9,05 2.00 91

4 1,67 9,40 2.00 91

5 1.54 9,65 2.nn 91

1.44 9°88 2.00 90

7 t. 36 tO, 10 1,74 90

8 Lo29 10,23 I_52 91

9 1.23 10.,33 L,a2 90

lO [,17 lO.a4 1.16 90
II I 12 10..55 1.12 88

[2 1.08 10,63 1.06 89

J3 1.04 10.71 1 .n2 88
14 [.00 1.0.83 1o02 86

15 0.96 10.96 0°92 84
16 0.93 ii.00 0.86 82

117 0,90 11.08 0°84 81

18 0.87 llola 0.80 78

[9 0.84 11.20 0.80 80

20 0,81 11.29 0.76 79

21 0.79 11.34 0.74 78

22 0 77 ,Ii, &O 0.74- 80

23 O. 7 5 1.46 O. 72 79

2'-, O, 72 1. 55 0.72 79

25 0,70 1.65 0.70 79

26 0.69 [,69 0.70 80
27,,- 0,67 1,75 0.74 81

28* 0.65 1.86 0.74 99

129" 0.64 1.90 0.76 82

}0" 0,62 ,2 03 0.78 80

1- 0.60:2.[5 0.84 81

32* O. 59 2.20 O, 90 gO

33* 0,57 12.34 0.98 80

PHOTOMULTIPLIER

NO. _ DRUM

DETECTOR

SLIT P S

27* 0.67 11.7.5 0.74 gl
28* 0.65 11o86 0.74 80

29* 0.64 11o90 0.76 79

30* 0.62 12.03 0.78 84

31" 0.60 12,,15 0.84 81

32* 0°59 12.20 0.90 83

33* 0,57 12.34 0.98 81
34 0.56 12.45 1,,00 gl

35 0.55 12.49 1,08 gl

36 0.53 12.65 1.16 80

37 0.52 12o72 1.24 81

38 0.50 12o90 1.24 gO

39 0.49 13.00 1.30 _A
40 0.48 13.10 1.44 gO

41 0.47 13.20 1.58 79

42 0.46 13.31 1.70 80

43 0.44 13.60 1o90 78
4A 0.43 13.80 2.00 77

#45 0.41 14,20 2.00 75

_46 0.39 14.58 2°00 73

#47 0.37 15.08 2.00 79

#48 0.3A 16o02 2.00 R_

Jimm=48

(1-¢m)

=i m=l
solar

= .163
s

]
-t ...+(I-P_)J

J

: 48

_ Overlap

# Long Wavelength Filter In Beam
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INTEGRATING

LEAD SULF:

NO. >, DRUM SLIT PS

1 2o45 7.a 8 2.00 91
2.05 8.58 2_00 90

; ii,82 q,05 2,00 91

1.67 9 40 2.00 90
1..54 9o 5 2°° 90

6 1,44 9.88 2,00 90

7 [,36 I0,I0 1.74 89

8 io29 10.23 io52 _)_

_3 1.23 10o33 [,42 88
10 t,17 lO.Z*4 1.16 _q8

ii i 12 i0.55 1.12 87

12 [.08 10.63 1.06 86

].3 1.04 10.71 1.02 R6
la 1.00 10o83 1o02 84
15 0.96 ,0,96 0,92 81
[6 0,93 Ii.00 0.86 R_

17 0o90 11.08 0°84 79

18 0.87 11o14 0.80 78
19 0.84 ll.20 0.80 77

20 0.81 11.29 0.76 78

21 0.79 11.34 0.74 77

22 0 77 _[ 1 40 0.74 77

23 0,75 1.46 0.72 77

2_ 0. 72 i. 55 0.72 78

['25 0.70 1.65 0.701 77

26 0.69 I,.69 0,70 79
27_ 0.67 1.75 0.74 80

28* O. 65 i.86 0. 74 79

29* 0.64 1.90 0.76 79

30" O, 62 2 03 O. 78 79
31" 0.60 2.15 0.84 80

32* 0.59 2.20 0,90 76

33* 0,57 12.34 0.98 80

SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 33

PHOTOMULTIPLIER DETECTOR

NO. _ DRUM SLIT 0 S

27* 0.67 !1.75 0.74 78
28* 0.65 11.86 0.74 78

29* 0.64 11o90 0.76 78

30* 0.62 12.03 0.78 7R

31" 0,60 ]2.15 0.84 77

$2" 0°59 12.20 0.90 79

33" 0.57 12.30 0.98 79

34 0.56 12.45 io00 78
35 0,55 12.49 1.08 76

36 O. 53 12.65 I. 16 77

37 0.52 12o72 1.24 77

38 O.50 12.90 t.24 70
39 0.49 13.00 1.30 76

40 0.48 13.10 1,44 76
41 0.47 13.20 1.58 75
42 0.46 13..31 1.70 74
43 0.46 13.60 1,90 73
44 0.43 13.80 2.00 71

_45 0,41 1420 2.00 70

#46 0.39 14.58 2,,00 66

#47 0.37 15.08 2.00 aA

#48 0.3A 16o02 2.00 60

solar

[m= 8 ]
+ .+( l-P_)i

Lm=I m=,, m=/.'_ ]

= .202
S

: 48

_ Overlap

it long Wavelength Filter in Beam
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IN IE_RA_Nt_ SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 35

LEAD SUI

NO. Z DRUM SLIT

I 2.a5 7.48 2.00

2 2.05 8.58 2o00

3 1.82 9.05 2,00

1.07 9,q0 2.00

,5 1.54 9,65 2.00

6 L.44 9.88 2,00

7 1,36 0°10 1.76
8 [ 29 [0.23 Io52

_9 1.23 L0o33 1,42

_I_O [, 17 [0.44 1.16

11 1,12 L0.55 1.12

12 1.08 L0.63 1.06

J3 [.I.o4 _10.71 1.02
1/4 ].00 110.83 1o02
15 0.96 _0,96 0.92

t6 0.93 _1.00 0.86
t7 0°90 Ll..08 0°84

18 0.87 11 14 0.80
tO 0.84 11.20 0.80
20 0,81 11,29 0,76

21 ;0.79 _1.34 0.74
22 0 77 iI _0 0.74

P-_ i0,75 11.46 0.72

!2__ 0_/___7__2_.[[I, 55_ 0.7?

25 iO.;O 1.65 0.70
36 ().69 lo69 0.70
27* 0,67 1.75 0.74

28 w 0.65 [.86 0.74

29* 0.64 1.90 0.76

30,"-" 0,,62 _2 03 0.78

31" _0.60 2.15 0.84
32* !0 59 2.20 0°90

33* !0.57 12.34 0.98

90

90
90

9O

9O

91

9o
9O

89

89

87

87

86

85

81
81

g_

79

77
77

78

7O

79
80

80

79

80

79

80

80
80

81

PHOTOMULTIPLI FAR

NO. k DRUM

DETECTOR

SLIT P S

27* 0.67 11.75 0.74 $0
28* 0.65 11.86 0.74 79

29* 0.64 11o90 0.76 79

30* 0.62 12.03 0.78 79

31, 0.60 ]2,,15 0.84 80

_2- 0,,59 12.20 0.90 78

33 * 0.57 12.34 0.95 80,
34 0.56 12.4.5 1,00 79

" 35 0.55 12.49 1.08 79

36 0.53 12.65 1.16 7_

37 0.52 12o72 1,24 79
38 0.50 12_90 1.24 80

39 0.49 13.00 1.30 79
40 0.48 13.10 I .44 75

41 0.47 13,20 1.58 75
42 0.46 13.31 1.70 74

43 0.44 13.60 %_90 73

44 0.43 13.80 2.00 74

_45 0.41 14,20 2.00 73

#46 0.39 14.58 2,00 67

#47 0.37 15.08 2.00 68

[#48 0.34 16o02 2.00 60

m=48

= ] _(l-Om)

Lm=l m=l
solar

= .196
s

]
.-i-(1-p )

.I

." a8

_" Overlap

# Long Wavelength Filter In Beam
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INTEGRATING

LEAD

NO. % DRUM SLIT OS

i 2.45 7.48 2.00 91

2 2,05 8.58 2,00 91

) I_82 9.05 2.00 91

4 1,67 9_40 2.00 90

5 1.54 9.65 2.00 92

6 1.44 9.88 2.00 90

7 1.36 IO.I0 i.,74 90

_8 io29 [0.23 1o52 89

9 1.23 10o33 1,42 89

I0 1,17 10.44 1.16 89

11 1 12 10.55 1.12 _£

i[2 11.08 10.63 1.06 £7

13 1.04 10.71 1.02 £7

[4 I.OO 110.83 1oO2 84

15 0.96 10.96 0.92 82

16 0.93 ii.00 0.86 81

17 0°90 11.08 0.84 80

18 0.87 11.14 0.80 79

I_ 0.84 11.20 0.80 77

20 0.81 11,29 0.76 77

21 0.79 11.34 0.74 78

22 0 77 II a0 0.74 79

23 0, 75 11.46 0.72 77

2_ 0.72 i[1.55 0,72 78

25 0.70 1.65 0.70 78

26 0.69 1_69 0.70 79

27_ 0.67 1,75 0.74 _0

i28 _ !0.65 1.86 0.74 78

29* 0.64 1.90 0.76 79

30* 0°62 .2_03 0.78 80

31_ 0.60 2.15 0.84 80

J2* 0.59 2.20 0,90 79

33* 0.57 12.34 0.98 80

SPHERE PROGRAMMED WORK SHEET

SAMPLE NO. 37

PHOTOMULTIPLTER DETECTOR

NO. % DRUM SLIT 0S

27* 0.67 11.75 0.74 79

28* 0.65 11.86 0.74 79

29* 0,64 11o90 0.76 _0

30* 0.62 12.03 0.78 79

31" 0.60 12.15 0.84 79

32* 0_59 12.20 0.90 78

33* 0.57 %2.34 0.98 80

34 0.56 12.45 ] o00 80

35 0.55 12,4g 1,08 80

36 0.53 12.65 I. 16 79

37 0.52 12.72 1.24 7e

38 0.50 12o90 1.24 79

39 !0.49 13.o0 1.30 78

40 i0.48 13.10 1.44 78

41 0.47 13.20 1.58 75

42 0.46 13.31 1.70 74

43 0.44 13.60 %°90 74

44 0.43 13.80 2.00 72

_45 0,41 14,,20 2.00 69

#46 0.39 14.58 2°00 58

#47 0.37 15.08 2.00 66

62

= I_(1-O m) + ...+(1-P_

solar Lm=l|U- -m: ! m=L J

= .194
s

: 48

_ Overlap

# Long Wavelength Filter In Beam
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APPENDIX B

As part of the conceptual design process, the necessity arose for

establishing some systematic process for comparing and evaluating the eight

concepts envisioned for removing or preventing dust accumulation. Such a compari-

son and evaluation procedure would be useful in establishing a priority for

fabrication and testing. The process developed and the resulting comparisons,

evaluations, and priorities of the different concepts are summarized in Charts i

through I0 of this appendix. These charts were used as part of a presentation

to NASA on 29 June 1966.

Chart 1 reflects the basic philosophy or objective under consideration:

Either the dust must be removed by some means from the radiator surface after

it has accumulated, or some method must be devised to prevent its accumulation.

Chart 2 presents a listing of the most significant forces available for

removing the dust. The forces are divided into two categories, body and surface_

Body forces act upon each individual particle of matter and result from the basic

nature of matter itself. No physical contact between particles of matter is nec-

essary for body forces to occur. Surface forces act upon the surface of particles

and only occur when physical contact between particles of matter exist.

Each of the eight concepts is based on the use of one of the forces already

discussed. The matching of force with concept is presented in Chart 3. It should

be noted that of the forces listed in Chart 2, only gravitational and magnetic

body forces, and normal surface forces were not utilized by one of the concepts.

Actually any concept involving a tilted surface would use a gravitational body

force.
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The dust removal/prevention concepts under consideration were to lead

initially to experimental apparatus suitable for testing in a space chamber. For

this reason a number of experimental factors had to be considered. These factor_,

as shown in Chart 4, were weighted from 0.5 to 1.0 according to their relative

importance. The basic thinking behind the formulation of these factors was that a

removal/preventlon concept which was difficult to test e_perimentally was less

desirable from a practical research standpoint than a concept for which experimental

testing was relatively straightforward.

Although no operational systems were to be the result of the research effort_

some attention was also given to the formulation of operational parameters_ which

would be important for an operational system operating in the lunar environment.

These parameters, which were assigned equal weight, as shown in Chart 5 were divided

into two categories: operational factors and operational considerations. The

factors were those items for which some kind of a numerical grade could be assigned.

The considerations were more qualitative in nature, with an adjective (excellent,

good, fair, or poor) being used for evaluation purposes. The reason behind the

development of the operational factors and considerations was simply that any con_

cept, which was completely impractical from an operational standpoint, should not be

seriously considered for experimental testing. Notice should be taken that astronaut

maintenance, implying astronautical extravehicular activity (EVA), was one of the

operational factors. One of the basic guidelines for the entire research effort was

the avoidance of astronaut EVA.

Based on the experimental factors presented in Chart 4, each of the eight

devices was graded based on all available information. The resulting performance

matrix is shown in Chart 6. For each concept, the upper row of numbers represents
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the unweighted grades for each factor, while the lower row are the weighted values

in accordance with Chart 4. The total grade based on the weighted number is pre_

sented in the rlght-hand column of Chart 6. The vibrating surface received the

highest grade based on the experimental factors. The vibrating shield was second,

the jet and surface third, the electrostatic surface fourth, and the electrostatic

curtain fifth. The brush concept was ranked sixth, the jet and shield seventh, and

the spinning shield eighth.

Each concept was also evaluated based on the operational factors and con-

siderations presented in Chart 5. The resulting performance matrices are presented

in Charts 7 and 8. The alternate scores presented in Chart 7 for the electrostatic

surface reflect the fact that the power requirements for this concept were difficult

to define because of uncertainties associated with the voltage requirements. Based

on the operational factors, the electrostatic surface received the highest grade;

the vibrating surface and the jet and surface were tied for second; the jet and

shield was fourth; the vibrating shield fifth; the electrostatic curtain sixth; the

brush seventh; and the spinning shield eighth. With respect to operational considera-

tions, the following order of ranking from highest to lowest occurred: (I) electro-

static surface, (2) jet and surface, (3) jet and shield, (4) vibrating shield, (5)

spinning shield, and vibrating surface (tie), (7) electrostatic curtain, and (8) brush°

Because of the special significance of mass and power requirements, which

were used as inputs to Chart 7, a separate chart (Chart 9) was developed to provide

mass and power values. The data presented in this chart were based on the mass or

power associated with shielding or cleaning one square meter of radiator surface in

one second. A 3.04- by 3.04-meter surface was used in those cases where the size of

the radiator surface affected the calculations. The powerplant mass-per-power-produced
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was assumed to be 0.00159 kg/watt, and the power requirement for each system multiplied

by this factor provided a value for "mass for power" for each concept. In every case,

this "mass for power" was small in comparison with the mass-per-unit-area of the

system. Notice should be taken that the mass expended per unit area for jet concepts,

while significant, was not considered part of the _total mass of the system. This resulted

from the fact that the working fluid for the jet concepts, as originally conceived,

was to be a gas obtained From cryogenic boiloff.

In terms of power requirements per unit area, the two jet concepts had the

lowest requirements. The electrostatic surface was third or fifth lowest, depending

upon the electrostatic voltage required. The electrostatic curtain was fourth (or

third depending on the ranking of the electrostatic surface), the vibrating surface

fifth (or fourth), the vibrating shield sixth, the spinning shield seventh, and

the brush eighth.i ' ....

With regard to total mass requirements per unit area, the electrostatic

surface required the least mass. The electrostatic curtain was second lowest_ the

brush third, and the vibrating surface fourth. The last four in order were the jet

and surface, the vibrating shield, the spinning shield, and the jet and shield.

Chart i0 presents a summary of the rankings of each device as previously

indicated in Charts 6, 7, and 8. Northrop's original recommendation for order

of fabrication is also presented along with final order jointly agreed upon by

NASA and Northrop. The vibrating surface was to be first, the jet and shield

second, the brush and shield third, the electrostatic curtain fourth, the electro-

static surface fifth, the brush and surface sixth, and thejet and shield seventh.

Only the first three concepts were definitely to be tested; the fourth concept was
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desirable but not necessary. There were no definite plans for testing the remaining

four concepts.

As the final order of fabrication would indicate, the concept with the highest

ranklngs did not necessarily receive the highest priority for fabrication and test.

This situation resulted from a number of reasons. First, it should be realized that

the ranking system was not intended as an absolute rule but instead was to serve

only as a guide for establishing a priority. Furthermore, it was desirable to

cover as broad a field as possible, and thereby extract a maximum amount of informa-

tion from a limited number of tests. Finally, the affinity of the S-13 thermal

control coating for dust made it desirable to test the shielded version of those

devices involving dust removal by means of surface forces (jet and brush concepts).

Those concepts employing body forces (vibrating and electrostatic) appeared less

sensitive to the S-13 affinity for dust, and thus the unshielded version of these

concepts was favored.
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I. Prevent dust accumulating

or

2. Removeaccumulated dust

Chart i

Basic Philosophy

TR-792-7-207B

7 June 1967

Body forces

Chart 2

Available Forces

i. Inertial

(a) centrifugal

(b) vibratory

2. Gravitational

3. Magnetic

4. Electrostatic

Surface forces

i° Normal

2o Tangential

(a) mechanical

(b) viscous

Device

Brush

Electrostatic Curtain

Electrostatic Surface

Jet and Shield

Jet and Surface

Spinning Shield

Vibrating Shield

Vibrating Surface

Chart 3

Concept s

Force Employed

mechanical shear

electrostatic

electrostatic

viscous shear

viscous shear

centrifugal

vibratory

vibratory
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Factor

Theoretically Sound

System Simulation
State-of-the-Art

Cost

Environmental Simulation

Ease of Measurements

Simplicity
Adaptability
Ease of Fabrication

Chart 4

Experimental Factors*

TR_792®7®207B

7 June 1967

io0

o9

o9

,,8

o8

,,6

o6

o5

Chart 5

Operational Factors (Equal Weight)*

Total Mass

Mass Expenditure

Power Requirements

Simplicity

Astronaut Maintenance

Operational Consideration (Equal Weight)_*

Practicality

Reliability

Structural Integrity

Systems Compatibility

System Performance Improvements

Space Requirements

Cost

* For each device a grade from i to I0 is to be assigned pe_'taining to each factor,_

** For each device, a grade of Excellent, Good, Fair_ or Poor should be ass:_gned

relating to each consideration.
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Chart 6

EXPERIMENTAL FACTORS

PERFORMANCE MATRIX

TR-792-7-207B
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EXPERIME F_CTORS

CONCEPTS

BRUSH

ELECTROSTATIC CURTAIN

ELECTROSTATIC SURFACE

UET & SHIELD

JET & SURFACE

SPINNING SHIELD

VIBRATING SHIELD

VIBRATING SURFACE

6 i0 7 7 7 v 4 a 4

6.0 9.0 6.3 5.6 5.6 4o9 2°4 2o4 2°0

9 9 8 8 7 7 3 4 4

9.0 8.1 7o2 6o415,6 5°6 1o8 2°4 2.0

8 8 3 8 I0 7 6 8 6

8.0 7.2 2.7 6.4 8.0 409 3o6 408 3°0

7 6 8 5 3 6 7 8 7

7.0 5.4! 7.2 4.0 2.4 4o2 4.2 4°8 3.5

7 7 i0 8 3 7 9 9 8

7.0 16.3 9.0 6_4 2.4 4°9 5.4 5.4 400

2 3 8 3 5 9 5 5 5

2.0 2.7'7.2 2.4 4.0 6o3 3.0 300 2.5

i0 6 9 3 i0 I0 8 9 8

I0.0 5.4 8.1 2.4 8.0 7°0 4.8 5.4 4°0
i i

i0 4 i0 I0 i0 8 I0 i0 i0

I0.0 3.6 9.0 8.0 8.0 5o6 6.0 5.0 5°0

44.2

4801

48o6

4207

50°8

33ol

55.1

61o2
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Chart 7

OPERATIONAL FACTORS

PERFORM2d_CE MATRIX

TR-792-7-207B

7 June 1967

CONCEPTS

BRUSH

ELECTROSTATIC CURTAIN

ELECTROSTATIC SURFACE

JET & SHIELD

JET & SURFACE

SPINNING SHIELD

VIBRATING SHIELD

VIBRATING SURFACE

8 i0 2 3 2

GRADE

25

I0

9 I0 8 2 i 30

1 5 i0 8 i0 34

5 5 i0 9 i0

2 I0 3 5 3

3 i0 5 8 7

6 i0 7 9 7

39

23

33

39

B-10



Chart 8

OPERATIONAL CONS IDERATiONS

PERFORMANCE MATRIX
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CONCEPTS

BRUSH

ELECTROSTATIC CURTAIN

ELECTROSTATIC SURFACE

JET & SHIELD

JET & SURFACE

SPINNING SHIELD

VIBRATING SHIELD

VIBRATING SURFACE

F P F P P F F

F P F G P F F

G E E G P E E

G E G E G F G

G E E G P G E

P F P E G F P

G G F E G G F

P G P P P E G

GRADE

FAIR-

FAIR

GOOD +

GOOD

GOOD

FAIR

GOOD

FAIR
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Chart 9
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Operational Mass and PowerRequirements Performance Matrix

Concepts

m

Brush

Electrostatic

Curtain

Electrostatic

Surface

iMass

Per (_2)
Unit m

Area

•478

.209

•161 0

Jet & Shield 15.1 3.12

Jet & Surface 5.36 3.12

Mass

Expended (_2)
Per Unit m

Area

Spinning Shield 14.1 0

Power (watts)
Per Unit" 2

m
Area

29.066

2.691

Mass for

Power (k-_2)
Per Unit m

Area

.0462

.00418

Total

Mass (-_2
Per m

Unit

Area

.524

.213

0

_0

0 15.1

0 5.36

28.204 .0449 14.1

Vibrating
Shield 13.7 19.377 .0308 13.7

Vibrating

Surface 3.71 5.329 .00846 3.72
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Chart i0

Surm_ary of Matrix Results

CONCEPTS

BRUSH

ELECTROSTATIC CURTAIN

ELECTROSTATIC SURFACE

JET & SHIELD
f

JET & SURFACE

SPINNING SHIELD

VIBRATING SHIELD

VIBRATING SURFACE

PERFORMANCE

STANDINGS

6

3

4

7 3

3 2

8 7

2 4

I 2

ORDER OF

FABRICATION

* The letter "a" indicates an'alternate selection

** The brush and shield are third in order while the brush and surface are sixth.
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APPENDIX C

ORIGINAL TEST DATA FOR

DUST REMOVAL/PREVENTION DEVICES
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C.i JET ANDPLATEDEVICE

TR-792-7-207B
7 June 1967

C.l.a

Solar
Simulator

OFF

OFF

OFF

OFF

ON
ON

OFF

OFF

ON

ON

OFF

Frozen Inhibisol

Power
(Watts)

26

20

26
20

20
26

20

30

30

S-13
Temp
(°K)

393

366

391
366

414
431

357

393

418

298

294

Shield

Temp
(OK)

R/M Cond it ion

-.83 Dusted

-.83 Dusted

-.83 Dusted

-.83 Dusted

2.50 Dusted

2.55 Dusted

-. 83

-. 83

Cleaned

Cleaned

Cleaned

Cleaned

Cleaned9

2.40

2.50

-.83
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C.l.b

Solar
Simulator

OFF

OFF

OFF

OFF
ON

ON

ON

ON

ON

ON

ON

OFF

OFF

OFF

OFF

ON

ON

ON

ON

Li(uid Inhibisol

Power
(Watts)

40

30

S-13
Temp
(°K)

449

416

Shield
Temp
(OK)

RIM

-.88

-.88

Condit ion

Dusted

Dusted

20 376 - -.88 Dusted

17 360 - -.88 Dusted

40 484 - 3.10 Dusted

30 458

20 433

15 419
47135

25 449

361

417

331

373

294
437

373

401

294

40

- 3.00

- 3.10

15
25

40

3.15

3.15

3.20

Dusted

Dusted

Dusted

Dusted

Dusted

Dusted3.05

-.88 Cleaned
-.88 Cleaned

-.88

-. 88

3.10

3.02

3.02
16

25

0

Cleaned
Cleaned

Cleaned

Cleaned

Cleaned

3.00 Cleaned
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(LIQUID INHIBISOL)

Solar
Simulator

OFF

OFF

ON

OFF

OFF

ON

J ON
OFF

OFF

ON

ON

OFF

OFF

ON

ON

OFF

OFF

ON

ON

ON

Power
(Watts)

23
31

23
31

23

15

15

23

19

26

19

26

15

23

15

23

26

S-13
Temp
(°K)

369

396

272

266

273

389

412

387

35O

381

4O8

368

399

396

423

353

387

382

412

422

Shield

Temp
(°K)

276

256

289

307

261

280

314

327

256

275

290

304

310

R/M

-.79

-.79

2.7

-.82

-.79

2.7

2.75

-. 83

-.82

2.65

2.78

-. 83

-.83

2.79

2.6

-.79

-.82

2.7

2.7

2.65

Con dit ion

Clean

Clean

Clean

Clean

Clean

Clean

Clean

Clean

Clean

Clean

Clean

Dusted

Dusted

Dusted

Dusted

Cleaned

Cleaned

Cleaned

Cleaned

Cleaned
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(LIQUID INHIBISOL)

So]at
Simulator

OFF

OFF 9

OFF 20

OFF 50

OFF

ON

ON

ON

OFF

OFF

ON
ON

OFF

Power
(Watts)

S-13
Temp
(°K)

35

23

31

15

3 247

301

15

35

35

1.5

358

445

408

388

411

358

216

227

374

437

420

OFF 20 370

ON 35 440

OFF 15 349

OFF 35 426

20 391

23

23

ON

OFF

OFF

OFF

ON

ON

OFF

35

35

2O

47

387

384

423

437

395

451

Shield

Temp

(OK)

R/M

-.82

-.83

-.85

-.85

-.88

1.75

- 1.92

- 2.20

- -.88

335

Condition

Clean

Clean

Clean

Clean

Clean

Clean

Clean

Clean

Clean

- -.88 Clean

319 2.20 Clean

Clean

270

249

342

255

295

320

277

2.15

-.83

-.85

2.10

-.85

-.85

1.60

Clean

Clean

Dusted

Dusted

Dusted

Dusted

262

280

338

327

295

-.85 Dusted

-.82 Cleaned

-.85 Cleaned

1.90 Cleaned

2.10 Cleaned

Cleaned
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C.4 VI BRAT ING SURFACE DEVICE
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Solar

Simulator

Power

(Watts)

S-13

Temp

(°K)

OFF 40 416

OFF 25 372

OFF 16 337

ON

Shield

Temp

(°K)
R/M Condition

-.80 Clean

- -.80 Clean

- -.80 Clean

- CleanOFF 6 275 -.85

ON 40 431 - 2.05 Clean

- 1.93 Clean

ON

ON

25

16

0

40

25

16

0

40

25

OFF

393

365

275

438

370

352

348

472

437

OFF

OFF

- 1.91

- 1.90

- -. 80

ON

ON

-. 80

-. 80

1.92

2.05

2.02ON

Clean

Clean

Dusted

Dusted

Dusted

Dusted

Dusted

Dusted

ON 16 413 - 2.15 Dusted

OFF 50 447 - -.82 Cleaned

OFF 40 422 - -.80 Cleaned

OFF 29 390 - -.82 Cleaned

OFF 20 359 - -.77 Cleaned

ON 50 482 - 1.98 Cleaned

ON 40 462 - 1.98 Cleaned

ON 30 446 - 1.93 Cleaned

ON 20 415 - 1.95 Cleaned

OFF 40 417 -.79 Cleaned

OFF 32 395 - -.80 Cleaned

OFF 25 372 -.80 Cleaned

ON 32 436 - 1.99 Cleaned

- 1.95ON 23.5 419

ON 15 396 - 2.00

Cleaned

Cleaned

C-6



/:

C.5 MECHANICAL BRUSH DEVICE

TR-792-7-207B
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So]ar

Simulator

OFF

OFF

ON

Power
S-13

Temp

Shield

Temp

(°K)
(Watts)

(°K)

40 450

25 401

40 481

-.78

3.15

3.5

Condit ion

- -.72 Dusted

Dusted

Dusted

DustedON 25 445

OFF 40 417

OFF 25 373 -

ON 34 429 -

ON 25 405 -

-.78 Cleaned

-.81 Cleaned

3.25 Cleaned

3.15 Cleaned
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T-23000

T-23001

T-23002

T-23003

T-23004
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T-23006

T-23007

T-23008

T-23009

T-23010

T-23011

T-23012

T-23013

T-23014

T-23015

T-23016

T-33000

T-33001

T-33002

T-33003
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CONTRACT NAS8-20116

Title

Shaft, Lower

Adapter Support

Head

Upper Support Pincher

Lower Support Pincher

Shaft

Holder (Sample)

Train

Shaft, Upper

Coupling

Locking, Plate

Plate Motor Mount

Hanger Bracket Lunar Dust Removal

Head Leveler

Shield Support

Shaft Support

Shield Holder

Brush Holder

Brush Track

Brush Blank

Motor Support Plate
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Title

Bracket Supports

Brush Guide

Shield

Train Housing

Mount Pedestal

Sample Plate

Base

Brush

Spray Nozzle

Jet

Lunar Dust Removal Vibrating Surface
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